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Sunnna~-The nature of complexes between various o,o’-dihydroxyazo 
dyes and metal ions, and their applications in polarographic chemical 
analysis, are described and discussed. 

IN 1950, Willard and Dean’ discovered that the single polarographic wave of Mordant 
Violet 5 was split into two reduction waves in the presence of aluminium ions. The 
height of the second wave, which was about O-2 V more negative than the first, was 
found to be proportional to the ahuninium concentration. This observation was 
important because it made possible the direct polarographic determination of an ion 
most difficult to determine in trace amounts by other methods (sensitivity under 
optimum conditions for oscillographic polarographic techniques may be in the ppbt 
range;2 the sharply peaked waveforms of the dihydroxyazo dye chelates are main- 
tained even at extreme dilution) and because polarographic reductions involving 
these dyes appear to be the only cases thus far discovered in which the organometallic 
complex yields a wave distinctly different from that of the organic reagent.3 

Since the original work of Willard and Dean, other o,o’-disubstituted azo dyes 
have been shown to behave similarly, but selectively, with a number of ions. 

The object of this review is to describe the use of these dyes in the polarographic 
determination of metal ions; to discuss the requirements for polarographic activity 
both on the part of the dye and of the metal ion; to summarize what is known about 
the reason for, the mechanism of, and the products arising from, the reduction. 

The literature has been examined to December 1966. 

DYE CLASSIFICATION AND NOMENCLATURE 

Dyes can be classified in a wide variety of ways, e.g., according to the method of 
preparation or application, according to chemical constitution, or according to the 
characteristic structural unit. Some 20 different groups of dyes are recognized if 
classification is by structural unit; the azo dyes constitute the largest class of dyes 
and are usually considered the group with the fullest shade range and the most 
diverse uses. The common structural unit is the azo chromophore -N=N- linking 
two carbon systems at least one of which is aromatic. The azo dyes are further 
subdivided both according to the number of azo groups the molecule possesses and 
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according to whether or not the dye reacts with metallic hydroxides and salts to form 
complexes, i.e., mordants. 

Specifically, this review will consider the polarographic behavior of monoaxo 
o,o’-disubstituted dyes and their respective mordants. The parent structure, shown 
in Fig. 1 along with structures of the dyes discussed in the paper, contains at least one 
sulphonic acid group (for solubility) located somewhere in the group; a variety of 
substituents, quite often other rings, may be attached to any or all of the other posi- 
tions. 

NAME STRUCTURE CI NUMBER 

Type Compound 

Mordant Violet 5 

Mordant Red 5 

Mordant Black 11 

Mordant Black 9 
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FIG. 1,The structures of mono-azo water-soluble dyes referred in the text. 

To minimize confusion when referring to a particular dye, the nomenclature 
adopted by the Colour Index will be used throughout this article. All trade names 
used by the various investigators have been translated into these terms; in addition, 
the CI number, which relates the Colour Index name to the appropriate section of 
Part II of the Index, is included. 

METALS DETERMINED 

Aluminium 

Mordant Violet 5,1-l* Mordant Red 5,s~~ Mordant Black 9,1B2 Mordant Black 
17,U and Mordant Black 25’ all form polarographically reducible complexes with 
aluminium. The first two dyes are preferred because of their sensitivity and because 
their solubilities permit the determination of a wider range of concentrations; the 
upper limit for the determination is set by the dye solubility-a value which changes 
with the dye lot used.= (The problem of dye solubility is discussed in the section 
“The nature of the dye-metal complex”.) 

The reaction between aluminium and Mordant Violet 5 has been most widely 
studied. Two distinct complexes are formed; at pH values between 4.2 and 5 (4.5 is 
commonly used in most analytical determinations) the dye:Al ratio is 1:2, and at 
pH 6 the ratio is 1: 3 (other investigators have only found 1: 1 and 1: 3 complexe@) ; 
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both are polarographically reducible .6 At room temperature, the complex requires 
about 5 hr to form, at 50” about 5 min, and at temperatures above 60” about 2 min;l 
no kinetic data have been published. Fluoride, citrate and phosphate interfere by 
preferentially complexing the aluminium;ll sulphate, chloride and potassium by 
precipitating the dye. Metal ions which interfere by forming complexes with E1,2 
values which overlap that of aluminium are removed by electrolysis at a mercury 
cath0de.l Although beryllium does not itself form a polarographically reducible 
complex with the dye, it does depress the wave height and must be removed.8 The 
minimum ratio Be: Al quoted as being necessary to affect the result differs according 
to investigator.5*s~Q 

The range of aluminium concentrations which can be determined if the polaro- 
grams of the Mordant Violet 5 complex are taken in acid solution appears to be 
0~001-0~600 mg/ml. In alkaline solutions (pH 9 borate buffer) the range is O-4-20 
pg/ml.5 The use of alkaline solutions has the advantage that magnesium and alumin- 
ium can be determined simultaneously; for the analysis of rocks, however, at pH 4 a 
larger Be : Al ratio can be tolerated than at a high PH.~ The Mordant Violet complex 
has been used to determine aluminium in thorium. The advantage of this procedure 
is that the thorium forms a non-reducible complex with the dye which is more stable 
than those of most ions which would normally interfere with the aluminium wave, 
but less stable than the aluminium complex.2 

Mordant Red 5 reacts with aluminium over a wider pH range (34-5.8) than does 
Mordant Violet 5.Q The use of this dye and linear sweep oscillographic polarography 
permits the determination of as little as 0.1-7.5 pg/25 ml but the concentration of dye 
must be carefully controlled at about lOAM .2 The pH at which the complex is devel- 
oped depends on the sample matrix: to determine between 100 and 2000 ppm of 
aluminium in beryllium, the pH of the solution should be 3~4;~ for aluminium in 
thorium, 5~75.~ Since at room temperature about 5 hr are required for quantitative 
formation of the complex, the solution is heated to about 70”. 

The complex between aluminium and Mordant Black 25 yields three waves,’ two 
of which appear to arise from reduction of the complex; this behaviour is analogous 
to that of the gallium-Mordant Red 5 complex. No quantitative data are available. 

Fluoride may be indirectly determined by measuring the depression of the alumin- 
ium-Mordant Violet 5 complex .l” The actual composition of the aluminium-dye 
solution used depends on the concentration of fluoride expected. As little as 10-3~g/ml 
or as much as O-8 pg/ml may be determined, a cathode ray polarograph being used 
for the lower concentrations. The solutions must stand overnight before polarograms 
are taken, because of the slow rate of reaction between aluminium and fluoride ions. 
The procedure has been used to determine fluoride in hydrochloric acid and bromine. 

Iron(III) forms a brownish complex with Mordant Violet 5 at pH values between 
4 and 5;8*11*13 iron(I1) does not react. The upper limit of detection is 100 ,ug/50 ml. 
The rate of formation of the complex may be hastened by heating the sample for 3 min 
in boiling water; normally, formation is complete after 15 min. In materials where 
iron is the major contaminant, e.g., foodstuffs, soft drinks, alcoholic beverages, and 
effluent streams, no separation is needed. In materials containing indium, aluminium, 
nickel or silver, or in alloys, the iron is separated either by extraction with ether 
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from 6M hydrochloric acid or by extraction of iron cupferronate with an organic 
solvent; copper, tin, lead, manganese, chromium(II1) bismuth, arsenic(III), mer- 
cury(II), zinc, antimony, selenium(lV), cerium(lV), thorium, tellurium(lV), german- 
ium, thallium(I) and tungsten do not interfere. Fluoride, phosphate and citrate, 
which seriously interfere with the formation of the aluminium complex, do not 
appear to interfere until their concentrations are much larger than that of the iron(II1); 
however, at fluoride to iron ratios of 500 or more a new unstable peak of unknown 
origin appears.2 

Magnesium 

Between 0.5 and 10 rug/ml can be determined by polarographic reduction of the 
metaldye complex which is formed by heating a solution of magnesium with Mordant 
Violet 5 in a piperidine buffer at pH 11 or 13 (there is no reduction in the pH range 
4+7*5).l* Although concentrations of calcium less than 40 ,ug/ml do not interfere, 
higher concentrations influence the pH at which a suitable reduction wave can be 
obtained; large amounts of calcium are therefore removed by precipitation with 
oxalate, a procedure used to determine as much as 2500 ppm of magnesium in calcium 
carbonate.16 Up to 5000 ppm of cadmium, copper, fluorine, lead, thallium(I), tin(I1) 
and zinc can be tolerated as well as about 1000 ppm of antimony(V), arsenic(III), 
beryllium, bismuth(III), manganese(II), molybdenum(V1) and vanadium(I1). Alumin- 
ium, although it does not give a wave, chromium, cobalt, iron, nickel and strontium 
in element to magnesium ratios greater than 25 and barium in ratios greater than 40, 
all interfere. The interference from iron is best eliminated by extraction of ferric 
cupferronate. The shape of the wave depends on the piperidine concentration. 
Although the dye to metal ratio is 1: 1, a ratio which appears to hold for aqueous 
solutions of magnesium and any o,o’-disubstituted azo dye,3*16*17 the dye to metal 
concentration must be held constant to obtain reproducible results. The half-wave 
potential for the complex lies between -0.80 and -0.88 V.“pJ4 

Reduction of the Mordant Violet 5 magnesium complex can also be effected at 
pH 9 in borax buffer. 6 Magnesium concentrations between O-1 and 1 mg/50 ml from 
complicated mixtures such as rocks can be determined. 

Magnesium has also been determined by measuring the decrease in height of the 
Mordant Black 11 (Eriochrome Black T) reduction wave. Mordant Black 11 in 
O*lM sodium hydroxide gives two reduction waves, one at -0.63 V and the other at 
-0.80 V, but the dye-metal complex is not itself reduced>* 

Gallium 
While the range of gallium concentrations which can be determined by direct 

polarographic reduction of gallium(II1) lies between 3 x 10” and 3 x 10bM,lB 
concentrations as large as 10-OM can be determined by reduction of the gallium(III)- 
Mordant Violet 5 complex. The conditions for formation of the complex are those 
for aluminium. Gallium can be determined in the presence of aluminium by extracting 
the gallium from 6-7M hydrochloric acid into diethyl ether (the use of d&isopropyl 
ether leads to badly distorted polarograms); if iron is present it should be reduced 
to iron(I1) with hydroxylamine hydrochloride. The number of electrons required in 
the reduction of the gallium complex is twice that for the aluminium 0ne.m 

Mordant Red 5 also forms a polarographically reducible complex with galhums 
(and with aluminium); however, three waves appear instead of the two expected. 
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From 1W to 10-8M gallium can be determined by measuring the height of the first 
wave; slightly greater sensitivity is available through use of the second wave. The 
complex is formed by heating the gallium(III)-dye solution for 15 min at 70” and 
pH 5.5 (acetate buffer). As the corresponding aluminium chelate gives only two 
reduction waves with the dye the two metals may be determined simultaneously by 
measuring the height of the second wave, which is proportional to the sum of the 
concentrations, and the height of the third, which is proportional to the concentration 
of gallium alone; aluminium may be determined by difference. Such a procedure is 
effective as long as the ratio of aluminium to gallium does not exceed 5. No explana- 
tion of the difference in behaviour of these complexes has yet been offered. Zinc, 
manganese(H), cerium(IV), iron(III), vanadium and nickel interfere. 

Lunthanides 

Mordant Violet 5, Mordant Black 9 and Mordant Blue 31 all form polarographi- 
tally reducible complexes with the lanthanides in the presence of either ammoniasa 
or piperidine.1**22 

Of the three dyes Mordant Violet 5 is most satisfactory, giving discrete reduction 
waves only in alkaline solution. The upper concentration limit of lanthanide is about 
6 &ml. The reduction waves for the complex are irreversible. 

Violet 5 forms a 2 : 1 dye to metal complex. In ammoniacal solution the difference 
in El,, between the waves for the free dye and the lanthanide complex increases with 
increasing atomic weight; e.g., AE,,, for La is 45 mV while that for Lu is 234 mV. 
This effect permits simultaneous determination of lighter and heavier lanthanides in 
a mixture. No such effect is observed in piperidine buffer (pH 11); all AElI values 
are very similar.22n23 

The E1,2 values for the lanthanum and yttrium complexes at pH 13.0 in pipe&line 
are -0.84 and -0.83 V respectively13 and -0.66 for the dye with respect to a mercury 
pool anode. 

Nickel 

Mordant Violet 5 forms a 2: 1 dye to metal complex in ammoniacal solution, and 
a 3 : 1 complex in the presence of piperidine (pH 13). Both of these, and also one 
formed between nickel and Mordant Brown 33, are polarographically reducible.4***” 
Nickel also forms a complex with Violet 5 at pH 4-5; the wave is, however, not 
well-defined?’ 

Uranium 

Between 2 and 200 mg of uranium can be determined by using Mordant Blue 9, 
the upper limit being set by the dye solubility (which varies with the ionic strength). 
The complex is formed by heating the solution (acetate buffer at pH 5.3) for 5 min at 
60“ since at room temperature complex formation requires 20 min. Triton X-100 is 
used to suppress the dye maximum. The dye to metal ratio is 1: 1. Aluminium, iron, 
cobalt, nickel, thorium, titanium, vanadium, lead, copper and zirconium interfere. 

The sodium salts of (1,5-sulpho-2-hydroxyazo)-2-naphthol and chlorophenol-azo- 
1,8-dihydroxynaphthalene-3,ddisulphonic acid give well-defined waves with uranyl 
ion but the wave height is not proportional to the concentration of uranium. 
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Zirconium 

Mordant Blue 9 can be used to determine 40-300 pg of zirconium. The complex 
is developed by heating at 70” for 5 min. The dye to metal ratio is 2: l.% Mordant 
Violet 5 also forms a complex; at a pH between 2 and 3, which has been used for 
determination of zirconium in thorium, the latter being masked with acetate.’ 

Chromium 

Chromium(II1) forms complexes with o,o’-dihydroxy,o’-carboxy, and o-hydroxy- 
o’-amino dyes. The organic l&and behaves as a tridentate ligand with one azo group 
acting as donor .27 With six co-ordinate positions, both 2: 1 and 1: 1 dye to metal 
complexes are possible; in the case of chromium(II1) and Violet 5 both have been 
found, and separated by chromatography on cellulose.27 The 2: 1 complex is itself 
not chromatographically homogeneous. I2 Both the 1: 1 and 2: 1 Mordant Violet 5 
complexes show the characteristic pair of waves, one for the dye and one for the 
complex, but the complexes are polarographically indistinguishable.12 

Other metals 

As Table I shows, a number of other elements give similar reactions with one or 
more dyes. In these cases analytical details have not been worked out specifically 

TABLE I.-ELEMENTS FORMING POIAR0GRAPHICALL.Y REDUCIBLE COhfPLEXES WlTH 

MORDANT VIOLET 5 

Element Reference Element Reference 

A& FeWI), Mg, Ga co 8, 11,12 
Lanthanides 
Ni, U, Zr, Cr 1 

See text Ti(IV) 1,3,5,8, 12 
V(v) 1, 3,8, 11, 12 

Mn(II) 3, 14 Pb 8 

:&‘) 
8 zn 3, 14 
8 Cd 3.8 

Sb 8 In 11 

either because other more satisfactory polarographic methods exist or because there 
is no present demand for such a method. 

Evaluation of the published methods 

Of the procedures discussed above, those for aluminium, gallium, zirconium and 
lanthanides appear the most useful, competing with spectrophotometric methods both 
in applicability and sensitivity for trace analysis. 

THE NATURE OF THE DYE-METAL CHELATE 

Present evidence indicates that only o,o’-disubstituted dyes undergo reactions 
which will produce complexes which have El12 values different from that of the 
organic compound .a*ra Two reasons are suggested. 

1. The metal may not be incorporated into an appropriate ring system or it may 
not react with the dye at all. Disubstituted dyes form a wider range of lakes and 
complexes than do monosubstituted dyes, e.g., iron(III), magnesium, chromium(III), 
zinc, calcium and manganese(II), do not react with monosubstituted dyes; alumin- 
ium does not form a lake with the monosubstituted dye,% but forms instead a Werner 
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complex. l3 Other substituents on the dye may change its complexing behaviour: 
although the presence of a sulphonic acid group may not be of immediate importance 
in determining whether a dye forms a metallo-organic indicator,” its presence or 
absence can affect the formation of a complex as well as the ratio of metal to dye, 
e.g., copper does not form a lake with o-monohydroxy dyes if an aromatic sulphonic 
acid group is present and, if two sulphonic acid groups are available in a dihydroxy 
dye, it forms a complex containing a 2: 1 Cu: dye ratio rather than a 1: l.= 

2. The complex between a monosubstituted dye and a metal ion simply may not 
be stable enough to show a shift in El12. l3 The relative order of co-ordination with a 
metal such as copper is shown in Fig. 2.20 

FIG. 2.-Relative order of co-ordination of o,o’-disubstituted azo compounds with a 
given metal. 

Within the disubstituted dye series, the dihydroxy compounds appear to be most 
useful for developing this polarographic behaviour (no comparisons, however, have 
actually been made.) As Fig. 2 shows, complexes involving the dihydroxy groups 
are by far the most stable. Specifically, the o-hydroxy-o’-carboxyl dye-metal complexes 
have formation constants two orders of magnitude less than those of the corresponding 
dihydroxy complexes,16 which might be expected since the stability of a complex 
is inversely proportional to the p& values of the o,o’-substituents.20*30 Some excep- 
tions, however, exist: beryllium does not form polarographically reducible com- 
pounds with dihydroxy dyes (although it does form a fluorescent chelates1 and a 
lake32). o-Hydroxy-o’-carboxy azo dyes form compounds with beryllium which have 
not been investigated but might prove to be polarographically active because in this 
case the phenolic and carboxylic hydroxyl can get close enough together to bond the 
beryllium in a stable ring. so Stability constants have been determined for a number 
of the complexes,30 and for any one dihydroxy dye the order of stability appears to 
be, in the case of bivalent ions, Cu2+ > Ni 2+ > Zn2+ > Pb2+ > Cd2+ > Mg2+ > 
Ca2+ > Sr2+ > Ba2+ and for tervalent ions, Fe3+ > Crs+ > AP+. 

The valence and the nature of the ion involved in the reaction obviously play a 
sign&ant role. In general, tervalent ions show the greatest tendency to form com- 
plexes while higher valences show less, i.e., antimony(II1) reacts more readily with 
Violet 5 than does antimony(V).8 

A specific study of Mordant Violet 5 complexes with aluminium, nickel, zinc, 
lead, magnesium and calcium shows evidence for 1: 1 and 1:2 metal to dye ratios; 
aluminium has been reported to form a 1: 3 complex, but copper shows evidence of 
only a 1: 1 complex.12 
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Many dyes which fulfil the structural requirements are too insoluble for use. 
Consideration of solubility, then, must also be a factor in the selection of a dye 
since solubility places a limit on the range of concentrations which can be determined 
polarographically. Since the solubility of the dye changes with the batch, the upper 
concentration limit for the determination of a metal ion has always been determined 
empirically. No attempt has, as yet, been made to extend the range of applicability 
by introducing more solubilizing groups into the molecule. 

Neither dye solubility nor formation of a complex with a dihydroxy dye, however, 
implies that the complex is a priori reducible. Calcium clearly reacts with Mordant 
Violet 5 in the pH range 3.9-13 ; so far no shift in Ells for the complex has been 
observed.14 Although Eriochrome Black T is polarographically reducible and forms 
a complex with magnesium, the complex does not appear to be reduced at a potential 
different from that of the dye itself, -la the same is true for Mordant Brown 33 and its 
nickel complex.24 

In formation of the complex, both phenolic hydrogen ions are displaceds’ and 
the axe group is apparently bonded to the metal, stabilized by resonance.1s*ss*88 
The structure is probably a strain-free five-membered ring (Fig. 3)‘~~ The reaction 

FIG. 3.-Proposed structure for the chromium-dye complex. 

is slow in acid, becoming faster with increase in temperature, but immediate in base;4 
no kinetic data have yet been published. Foreign ions can decrease the rate of reaction 
between the dye and the reacting metal ions.” 

Even in dyes symmetrical except for the present of a sulphonic acid group, it does 
not appear that the two hydroxy groups are equivalent. Schetty has showrP that 
those dyes where the sulphonic acid group is ortho or peri to the hydroxyl group have 
special physical, chemical, and mordant characteristics, but information about other 
characteristics of the two hydroxyl groups is scant: the p& values for the ionization 
of the phenolic hydroxyl groups as well as their enthalpies and entropies of ionization 
have been determined for Mordant Violet 5.” 

A number of suggestions have been made concerning the structure of specific 
metal-dye chelates : Reynolds suggests that the aluminium complex formed at pH 
4.6 contains a fused ring structure in which the o-hydroxy group linkages in the tram 
dye molecule are as nearly cis and coplanar as is permitted by the metal bonding, 
but no such simple structure can be used to explain the aluminium-dye complex 
formed at pH 6.5. l5 In chromium(III)-dye complexes (either 1: 1 or 2: 1) there is no 
change in the chromophoric system so that they probably retain the tram configuration 
around the azo nitrogen double bonds’- a proposed structure is given in Fig. 3.= 

Beech and Drew2* have suggested a general structure for dye complexes which 
may or may not be applicable in these systems, but is consistent with the evidence 
gathered for fluorescence phenomena 31 for which the requirements for activity are 
strikingly similar to those for polarographic activity. 
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Polarographic reduction products 

Since reduction of the dye-metal complex takes place at the azo linkage, the 
mechanism is believed similar to that for azobenzene.5m6 Though the reduction of 
substituted azobenzenes is not simple, numerous conflicting statements appear,37 and 
the extension of specific findings to general behaviour is risky, the following conclu- 
sions seem reasonable. 

1. If the dye contains no other reducible groups, the reduction at the azo linkage 
proceeds in stages.” 

-N=N- + 2Hf + 2e- --+ -NH-NH- A 

-N=N- + 4Hf + 4e- + 2(-NH,) B 

2. Both the type and position of substituents greatly affect the ease of reduction. 
p-Substituted sulpho-, carboxy-, or phenylamino-azobenzenes are more easily 
reducible than the parent compound, ss but o-hydroxyazo dyes are reduced at values 
some 100 mV more negative than the corresponding para compounds.3s According 
to Shikata and Tachi, electron-releasing ring substituents increase resistance to 
reduction.39 However, studies have shown that while El,, values for different dyes 
vary, the differences are not large and do not appear to bear any simple relation to 
important features of molecular structure.ti 

3. The nature of the group also atfects the reduction path. Only when strongly 
releasing groups are present does the electrode reduction involve more than 2 elec- 
trons.40 o-Hydroxy substituted azobenzenes give a 4e reduction at all pH values; 
p-sulphonic acid substituted azobenzenes require but 2e, proceeding only to the 
hydrazo state.4l 

Since azo dyes may contain a number of different substituents, various effects 
compete and investigation has shown that while some dyes are reduced only to the 
hydrazo state, others cleave and form amines. Florence suggests that the apparently 
differing reduction paths can be explained by assuming that the rate of dispropor- 
tionation of the hydrazo intermediate decreases with increasing pH and becomes 
suthciently slow to give an apparent peak height corresponding to 2e. Dispropor- 
tionation appears first-order with respect to [H+] and pseudo first-order with respect 
to hydrazo concentration .40 Studies of the reduction of Mordant Violet 5 suggest 
that such a mechanism is involved. 

4. The reversibility of the reduction is apparently pH-dependent, azo dyes being 
reversibly reduced in alkali, 43 but Mordant Violet 5 is not reversibly reduced in acid.6 
Examination of a simple type-compound, azobenzene-4-sulphonic acid, shows it is 
reduced reversibly at high and low pH but irreversibly at intermediate values.*l 

Over the years considerable evidence has accumulated indicating that both o- 
hydroxyazo and o,o’-dihydroxy azo groups are internally hydrogen bonded; the 
suggested configuration for the dye is that shown in Fig. 2.37.43.44 The strength of 
this internal hydrogen bond affects the ease of reduction of the compound.30 

Another factor which has not yet been treated is the effect which dimerization of 
the dye has on the polarographic characteristics of the complex. It should be signifi- 
cant since dimerization affects the p& values. 45 At concentrations above 10-5M, the 
dye is known to exist as shown in Fig. 4 ,4s the dimer produced in acid solution giving 
maximum overlap. l2 There is little likelihood of intramolecular hydrogen-bonding. 
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While aggregation is known to affect the p&, values for both the phenolic groups as 
well as the stability constants, the studies made have not taken this into account.46 

Purity of the dye 

Commercial dyes must be purified before use. A common practice is to recrystal- 
lize the dye from ethanol (pH 5) and dry over silica ge1.28 The process is repeated 
until no changes are observed in the dye’s spectrophotometric or polarographic 
characteristics. 

Others have determined the purity of their dyes either by the amalgam reduction- 
EDTA titration proposed by Scribner and Reilley” or the titanium(II1) reduction 
procedure of Knecht and Hibbert2’s4’ 

FIG. 4.-Proposed structure for dimer of hydroxyazo dyes (shaded area indicates the 
overlapping of the two rings; the two SO,- groups are as far apart as possible). 

A more elaborate procedure described by Robinson and Mills@ involves repeated 
salting-out of the dye until the test for chloride is negative; the dye is then boiled in 
alcohol, filtered, and washed. A critical examination of this procedure by Coates 
and Riggs% has shown that for many dihydroxyazo dyes it cannot be directly adapted 
for the purification because the product obtained contains substantial amounts of the 
disodium salt of the dye. To avoid this contamination, they found it necessary to 
buffer the salting-out solution at a pH about three units below the p& for the first 
hydroxyl group (for Mordant Violet 5, a pH of 4 proved satisfactory); the most 
convenient salting-out agent was a sodium acetate-acetic acid buffer. The purity 
of the product was determined in two ways: by potentiometric or conductometric 
titration of the 2’-hydroxy group with base and by titration with nitric acid. 

The importance of the dye purity cannot be overemphasized.a@ Failure to use 
pure compounds has put into question results for the metal : dye ratiol’ as well as the 
number of electrons involved in the reduction.22 

Two additional precautions should be taken: (a) the dyes are hygroscopic and 
suitable precautions should be taken to protect them; (b) many of the “inert” salts 
added, e.g., those used to maintain constant ionic strength, contain traces of elements 
which will complex the with dye. Coates and Riggs suggest the use of EDTA as a 
masking agent.” 

EXPLANATIONS OF POLAROGRAPHIC ACTIVITY 

What is the reason for the splitting of the polarographic wave if the site of reduc- 
tion is the azo linkage? Willard and Dean1 have suggested that the appearance of the 
two waves is caused by stabilixation of one of the possible geometrical isomers of the 
dye (which form was not specified) and that it is this form of the complex which is 
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being reduced. Despite Dean’s later suggestions3 that the chelate involves the stabiliz- 
ation of a rigid cis form, theoretical considerations (a concise summary of these 
arguments is given by Perkins and Reynolds’) and accumulated physical evidence 
suggest that the o-hydroxy groups prevent the dye molecule from ever assuming the 
cis configuration.7*e*14~@ 

Experiments have demonstrated that the Ella values of p-hydroxyazo dyes are 
100 mV more positive than those of the corresponding azo dyes30 Meche and 
Schmal suggest that this observed stabilizing effect of the o-hydroxy group is caused 
by internal hydrogen bond formation. 3Q A second explanation for the observed 

OH 

FIG. S.-Possible geometrical isomers of o,o’-dihydroxyazo dyes. 

difference between the El,, values for the dye and for the dye-metal chelate would be 
that in the latter the dye is not hydrogen-bonded. Unfortunately, the observed 
effect appears in the opposite direction, i.e., the dye-metal should give a reduction 
wave at more positive potentials since they should be more easily reduced. It is, 
of course, possible that this effect competes with stabilization of the nitrogen elec- 
trons in the ring-the azo group is involved in the complex formation and this alone 
might account for the difference in El,, values24-and that the overall effect is to move 
the El12 to more negative potentials. If differences in stabilization of the nitrogen 
electrons account for the shift, there should be differences in the El,, values of the 
various complexes of the same dye, depending on the element involved. Present 
evidence is contradictory : such a trend is suggested by the change of half-wave 
potential with atomic number for the lanthanide complexesinammoniacalsolution,21,22 
but apparently not with other elements nor even with the lanthanide complexes in 
the presence of piperidine. 

Theoretically there are five possible isomers of the dihydroxy azo dyes (see Fig. 5). 
In addition to the cis forms, two isomers of the trans dye can exist since rotation is 
restricted around the -C-N= bond. Since the aluminium complex with Mordant 
Violet 5 is believed to be tram but as nearly cis as possible,13 it may exist in the 
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tram-anti form. The energy differences involved between these two states could 
explain the differences in E1,2. 

Although the behaviour of both the dye and the metal complex are known to 
be greatly influenced by adsorption at the mercury interfaces3 and although adsorp- 
tion-desorption is believed to be the reason for the increased sensitivity obtained by 
oscillographic polarography,22 apparently no investigation has been made of the pos- 
sibility that such a phenomenon is responsible for the appearance of the discrete 
polarographic waves. 

The available data, however, are at present too scattered and lack the systemiza- 
tion which would suggest whether the answer to the question lies in any of the above 
suggestions or in an entirely new area. 

OXIDATION OF DYE METAL CHELATES 

Although the foregoing review has concentrated on polarographic reduction, 
polarographic oxidation studies have been made of the aluminium-Mordant Violet 
5-complex. Florence, Miller, and Zittel have shown that at a pyrolitic graphite 
electrode this complex shows an oxidation wave well separated from that of the 
dye (4.35 V).4s The use of the oxidation step has the following advantages: (1) 
sensitivity (~10 ppb) even with simple polarographic equipment; (2) the test solution 
need not be deaerated; (3) the interference of other metals is minimized. 

Presumably such techniques can be adapted in a direct manner to other dye-metal 
systems. 

Zusnmmenfpssung--Die Natur der Komplexe aus verschiedenen 
o, o’-Dihydroxyazofarbstoffen und Metallionen und deren Anwendug- 
gen in der polarographischen chemischen Analyse werden beschrieben 
und diskutiert. 

R&anue-Gn d&it la nature des complexes entre divers colorants 
o, o’-dihydroxyazo et les ions mttalliques, et leurs applications en 
analyse chimique polarographique, et en discute. 
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ELEKTRONISCHES RECHNEN IN DER 
ANALYTISCHEN CHEMIE-IV* 

ALGOL-PROZEDUR FI)R AUSGLEICHSFUNKTIONEN MIT 
ZWEI KONSTANTEN 
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Osram Studiengesellschaft Berlin, Technische Universitlt Berlin, 

1 Berlin 10, HelmholtzstraOe 2-9, Deutschland 

(Eingegangen 26 April 1967. Angetwmmen 22 Juni 1967) 

Zusammenfasaung_Optimale Funktionen zur mathematischen Be- 
schreibung eines Zu sammenhanges zwischen verschiedenen Reihen 
von MerkrnalsgriiBen, die an gleichartigen Objekten oder Vorgilngen 
gemessen wurden, kijnnen durch Ausgleichsrechnungen fur eine Folge 
systematisch variierter Ausgleichsfunktionen aufgefunden we&n. 
Hierzu wird im folgenden die mathematische Struktur einer 
UNDERSELL venvendbaren Ausgleichsfunktion mit 2 Konstanten, 
einschliel3lich der in ihr enthaltenen 2 reduzierten Funktionen mit 
jeweils mrr 1 Konstanten, entwickelt und als Prozedur AUSGL2 
(Unterprogramm) in der problemorientierten Sprache ALGOL filr 
eine elektronische Datenverarbeitung formuliert. Die Prozedur 
AUSGL2 ist ein kybernetischer SCHWARZER KASTEN, der als 
geschlossener Baustein in ein zumeist sehr einfaches Rahmenprogramm 
ftlr spezielle Problemstellungen eingesetzt wird und dessen praktischer 
Gebrauch mu geringe mathematische Kenntnisse voraussetzt. An 
kurz skizzierten Beiipielen des Funktionseinsatzes zum bivalenten, 
trivalenten und polyvalenten Ausgleich von entsprechenden Reihen 
analytischer Merkmalsgrb&n werden teilweise neuartige Wege einer 
rationellen Versuchs- und Auswertaechnik aufgezeigt. In einem 
abschliet3enden ausfiilichen Beispiel werden 2 flammenphoto- 
metrische Testreihen filr Na und K in Konzentrationsbereichen 
funktionell aufgeschlilaselt, wo durch Effekte der Selbstabsorption und 
Selbstumkehr bereits &rthnmte Eichkurven resultieren. Uber ein 
einfaches Rahmenproh werden insgesamt 8 (2 mal4) Funktionen 
in weniger als 17 min elektronisch ausgewertet, w&rend der Zeitbedarf 
bei konventioneller Rechentechnik mehr als 170-fach gr6lIer ist. 

WESENTLICHE VERWENDETE BEGRIFFE UND SYMBOLE 
(ALGOL-SYMBOLE IN KLAMMERN) 

Gesamtanzahl paralleler MeBdaten 
Laufzahl fti EinzelgriiDen 
Formale Parameter der Ausgleichsfunktion 
Konstanten der Ausgleichsfunktion 
Standardabweichung in Y-Einheiten 
Fehler der Konstanten 
t-Werte der t-Verteilung 
Boole’sche Variable 

Weitere GrBBen sind im Text eindeutig definiert. 

* Teil III--Talanta, 1967,14,1315. 

n (N) 
(1) 

Y,21,22 (Y,Zl,Z2) 

[Al, PI 6% W 
[SKI (SK) 

bal, h1 @A, SW 
h, ts, ta, ta (Tl, ‘IX T3,T4) 

Vl, v2 (Vl, V2) 

2 15 
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EINFOHRUNG 

Allgemeine Problemstelhmg 

DER optimale funktionelle 
unabhiingigen Variablen x 

Zusammenhang zwischen abhibrgigen Variablen y und 

Y = F(x) oder y = F(x(l), x(2), . . . , x(J), . . .} 

bei jeweils n parallel ermittelter MerkmalsgriiBen 

yi, xi bzw. yi, x(l)i, x(2)1, . . . , XQI, . . . 

(1) 

ftir gleichartige Objekte oder Vorgiinge kann fiber AUSGLEICHSRECHNUNGEN 
mit verschiedenen vorgegebenen Ausgleichfunktionen gefimden werden. Die Durch- 
fiihrung von Ausgleichsrechmmgen ist naturge& nur dann sinnvoll, wenn von 
vomherein ein Zusammenhang zwischen den Merkmalsgriil3en als sicher vorausgesetzt 
werden kann. In Zweifelsftien sollten vorerst Korrelationsrechnungen durchgefiihrt 
werden, wie sie in Arbeit III ausftihrlicher beschrieben wurden, zumal geeignete 
Korrelationsfunktionen wertvolle Hinweise ftir optimal erscheinende Ausgleichsan- 
siitze liefern. 

Unter der Vielzahl denkbarer Ausgleichsfunktionen wird im folgenden eine 
UNIVERSELLE FUNKTION MIT 2 KONSTANTEN [A] und [B] der Form 

Y= [Al-Z1 + [B]*Z2 (2) 

mathematisch aufgeschltlsselt und praktisch angewendet. Die GrSBen Y, Zl und 22 
symbolisieren FORMALE Parameter, die stellvertretend ftir ARITHMETISCHE 
AUSDRUCKE stehen. Diese Ausdrtlcke sind Rechenvorschriften, die mit den 
eindimensionalen Datenfeldem der MerkmalsgrSBen (Laufzahl i = 1,2, . . . , n) 
und eventuell anderen numerisch vorher bekannten EinzelgrGBen gebildet werden. 
Tabelle I bringt 5 Beispiele von w5hlbaren Funktionen und Parameter, die die grol3e 
Variationsbreite des Ansatzes (2) verdeutlichen. 

Ziel der Ausgleichsrechnung ist die Ermittlung der 5 Kenngriifien 

[A], [B] = Konstanten der Ausgleichsfunktion 

[,sJ = Standardabweichung in Y-Einheiten 

[sa], [sn] = ,,mittlerer” Fehler von [A] bzw. [B] 

TABELLE I.-BELSPIELE AKTUELLER AUSOLEICHSFUNK~ONEN ZUM FORMALEN ANSATZ (2) 

(I) 

(II) 

(III) 

(IV 

Funktion 

y = [A] + [B] - log x 

y= [Al-x+ p]*x* 

y = u - e@’ (siehe Anrn.) 

y = IA1 - ~(1) + IW - -42) 

Y 

Yi 

Yi 

In yi 

Yi 

Parameter 

21 

1 

Xi 

1 

xwi 

22 

log XI 

Xi” 

Xl 

x(2)1 

WI y = [Al{x(l) - x(2)1 + ISI * 3 yi x(l)1 - x(211 
x(3)1 
X(4)1 

Anmerkung: Bei der Funktion (III) ist weiterhin [A] = In a bzw. a = erAI und 

WI= b 
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fur eine bestimmte, jeweils vorgegebene Ausgleichsfunktion, wie sie Tab. I in 5 
Beispielen zeigt. Der BegrifT,,AUSGLEICH” definiert eine Ermittlung der Konstanten 
[A] und [B] in einer solchen numerischen GroBe, daB die Quadratsumme der Abstinde 
vi in Y-Einheiten der gefundenen MeBpunkte von der theoretischen Punktfolge der 
Ausgleichsfunktion ein Minimum wird. Diese GAUSS’SCHE MINIMUMS- 
BEDINGUNG, die bereits in Arbeit III (Korrelationsrechnung) verwendet wurde, 
hat speziell fur (2) die Form: 

=$[A].21 + [B]Z2 - Y}” = (n - 2) - [sJ2 = MINIMUM (3) 

Unter einer Reihe vorgegebener Ausgleichsfunktionen zeichnet sich die 
OPTIMALE Funktion zun&hst durch 

mijglichst einfache Funktionsteile Y, Zl ,Z2 und durch eine 
moglichst kleine Standardabweichung [qr] 

aus. Die Aufstellung einer Reihe von Ausgleichsfunktionen kann zwar rein empirisch 
nach den Kurvenformen graphischer Darstellungen des aktuellen Datenmaterials 
erfolgen, doch ist es dabei zwectiI3ig, bereits bekannte oder neu erdachte Hypo- 
thesen und vermutete Mechanismen bei der Formulienmg der Funktionsteile zu 
berticksichtigen. 

Die Ausgleichsrechnung ftir eine aktuelle Funktion des Typs (2) kann ftir die 
Konstanten [A] oder [B] oder ftir beide such numerische Werte ergeben, die sich unter 
Beriicksichtigung der Fehler [.rJ bzw. [sn] nicht signifikant von Null unterscheiden. 
In diesem Fall sollten Folge-Ausgleichsrechnungen fiir REDUZIERTE Funktionen 
des FORMALEN Typs 

Y= [Al-Z1 und Y= [B]*Z2 (4) 

durchgeftihrt werden. Der mogliche Ubergang von (2) auf (4) bedeutet im Rahmen 
des betreffenden aktuellen Ansatzes vom Typ (2) eine funktionelle Optimalisierung. 
Fiir die reduzierten Funktionen vereinfacht sich such der Minimumsansatz (3) zu: 

bzw. 

i {[A] * Zl - Y>” = (n - 1). [sz]a = MINIMUM 
1 

(5) 

$ {[B] * 22 - Y>” = (n - 1) * [sKIa = MINIMUM 

Bivalenter Ausgleich 

Die Beispiele (I), (II) und (III) der Tab. I beschreiben einen BIVALENTEN Aus- 
gleich, d.h. einen Ausgleich fiir 2 Reihen paralleler Merkmalsgrii&n (xi, J$. Die 
jeweilige Ausgleichsfunktion ist eine Kurve in einem X, Y-Koordinatensystem mit 
minimierten Vertikalabstinden vi der n Parameterpunkte Yi, Xi. Bei Anwendungen 
in der analytischen Chemie entspricht y zumeist einer Menge a oder Konzentration 
C und x einer analytischen MeBgr8Se. 

So sind z.B. bei photometrischen Analysenverfahren Zusammenhiinge der Form 

C=[A]+[B]*logD mit Y=Ci; Zl=l; Z2=logDr 
oder (6) 

C= [A]*E+ [B].E2 mit Y=Cr; Zl =Ei; 22=&s 
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zu erwarten. Die 1. Funktion verkntipft C mit der Durchllssigkeit (transmittance) 
D in %. ki Erftilung des Lambert-Beer’schen Gesetzes 

E= [e]*d*C=2-1ogD 

sollte wegen [A] = 2/( [E] - d) und [B] = l/( [e] * d) ein Konstantenverhstnis von 
[A]/[B] = 2 erhalten werden. Signifikante Abweichungen von 2 bedeuten eine 
Nichterftiung des Idealgesetzes. Die 2. Funktion beschreibt gekrtlmmte Eichkurven, 
in denen C als Funktion der Extinktion E dargestellt ist. Bei Erfiillung des Ideal- 
gesetzes sollte [B] als nicht signitikant von Null verschieden getimden werden, 
w&end [A] = l/( [E] * d) eine ideale Verfahrenskonstante aus Extinktionskoefhzient 
[E] und Kiivetten-Schichtdicke d definiert. 

Als weiteres Anwendungsbeispiel seien Potentialwert-Messungen 8 von Systemen 
gegen eine Normalwasserstoff-Elektrode (Vergleichspotential Null) genarmt. Aus 
dem theoretischen Nernst-Ansatz 

1nC bzw. C=EXP 

folgt die bivalente Ausgleichsfunktion 

InC=-- Z’F.& f 2;;. 8 mit Y=lnCi; Zl= 1; 22=&i (7) 

Wegen [A] = --z - F * rS’&RT) und [B] = z* F/(RT) ergeben sich das Nullpotential 
&,, aus dem Konstantenverhatnis 

80 = - [Al/[Bl 

und die Elektronen-Umsatzzahl z unmittelbar aus [B] zu 

Die Temperatur T in “K mu13 wPhrend der Durchftihrung der Versuche konstant 
gehalten werden, so dal3 die aus T, Gaskonstante R und Faraday-Konstante F 
gebildete Gri5Be RTIF insgesamt eine Versuchskonstante definiert. 

Trivalenter AusgIeich 

Die Funktion (IV) der Tab. I beschreibt einen TRIVALENTEN Ausgleich, d.h. 
einen Ausgleich fur 3 Reihen paralleler MerkmalsgrGBen bi, x(l)r, x(2)1}. Die 
jeweilige Ausgleichsfunktion ist im allgemeinen eine Fhiche in einem X, Y, Z- 
Raumkoordinatensystem mit minimierten Abstgnden IQ der n Parameterpunkte 
Yi, X(l)i, X(2)1. Besteht zwischen den Funktionen X(1) und X(2) ein einfacher 
Zusammenhang etwa der Form X(2) = K - X(l), so bedeutet das eine ,,verbotene” 
Zuordnung 21 = 22 und der entsprechende Funktionsansatz des Typs (2) ist nicht 
auswertbar. 

Der trivalente Ausgleich ist bisher in der analytischen Chemie kaum angewendet 
worden. Wie das nachfolgend skizzierte Beispiel einer photometrischen Simultan- 
bestimmung von 2 verschiedenen Elementen zeigt, erbffnen sich mit der ZEITSYN- 
CHRONEN Ermittlung von PARALLEL-INFORMATIONEN an EINEM System 
eine Vielzahl neuer rationeller Arbeitstechniken. 
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Unter der Voraussetzung, da13 das Lambert-Beer’sche Gesetz ftir beide Elemente 
1 und 2 bei beiden MeS-Wellenliingen 11 und it2 erftillt wird, ist das System durch 
folgende InformationsgriiSen vollstindig beschreibbar : 

Element Menge 

Ktivetten-Schichtdicke 

Summen-Extinktion 

Aus den Grundbeziehungen 

dl 

El 

d2 

E2 

furAl: El = [eII]-dl-C1 + [+J*dl*C2 

fiir12: E2= [sz1].d2*Cl + [.sJ*d2-C2 

folgen unmittelbar die trivalenten Konzentrationsformeln 

Cl = [Al]*El + [Bl]*E2 mit Y=Cli; Zl=Eli; Z2=E21 

C2 = [A21 - El + [B2] l E2 mit Y = C21; Zl = Eli; 22 = E2i 
(8) 

Die Konstanten enthalten die Koeffizientendifferenz 

und ergeben sich formal zu: 

[Al] = [.s,]/(dl . As) und [Bl] = - M/W * A4 
[A21 = - [.s&dl - As) und [B2] = [e&d2 - A&) 

Man erkennt unmittelbar, dal3 derartige Simultan-Verfahren nur fiir AE > 0, d.h. 
ffir hinreichend unterschiedliche Extinktionskoeflizienten [a] bei den WellenHngen 
11 und i12, zu L&ungen fiihren wird. Kennt man von den reagenz&ig gleichartig 
zusammengestzten reinen Lijsungen der Elemente 1 und 2 lediglich die Tatsache, daB 
sie farbverschieden sind, so kann man in einer EINZIGEN DIAGONAL- 
MESSREIHE mit monochromatischem Komplementi-Licht Rl bzw. ;22 zu den 
visuellen Farben feststellen, ob sich weitergehende Untersuchungen tiberhaupt 
lohnen. Hierzu werden aus dem Konzentrationsfeld Cl/C2 n verschiedene Mi- 
schungsansiitze von Cl und C2 vorgegeben und die Summenwerte El und E2gemessen, 
was nachfolgende Skizze verdeutlichen soil. Danach liefert die doppelte bivalente 

vorgegeben Cl,, c2, 
gemessen El,, E5 
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Ausgleichsrechnung mit den Konstanten und den Standardabweichungen fiir Cl 
und C2 die benatigten Informationen filr die weitere Versuchsplanung. Erhiilt man 
reduzierte Funktionen, so liegt der sehr erwtinschte Sonderfall vor, dal3 das Begleit- 
ele ment bei der betreffenden Wellenltige nur VernachlZissigbar absorbiert ( [E . .] = 0 !). 
Werden in weiteren Versuchen die 4 Extinktionskoethzienten bestimmt, so 1iiDt sich 
die Voraussetzung der Erfiillung des Idealgesetzes unmittelbar an den Nullbedingungen 

prtifen, die sich aus den Konstantenformeln ergeben. In einem niichsten Ver- 
suchsschritt kijnnten MeSreihen in der 2. Hauptdiagonalen (siehe Skizze) und 
danach eventuell such solche in den Kanten der Cl/C2-Matrix durchgefiihrt werden, 
wobei jedesmal ftir das bisher angefallene Datenmaterial der doppelte bivalente 
Ausgleich umfassendere Informationen liefert. 

Polyvalenter Ausgleich 

Die Funktion (V) der Tab. I beschreibt einen PENTAVALENTEN Ausgleich, 
d.h. einen Ausgleich fiir 5 Reihen paralleler MerkmalsgrSl3en bi, x(l)r, x(2)i, x(3)1, 
x(4)1}. Eine anschauliche Deutung eines derartigen Ausgleiches ist kaum maglich, 
doch 1iiDt sich sagen, daB die MerkmalsgrbSen x(J)i hier IMPLIZIT verschachtelt 
sind. Bei Ausgleichsfunktionen des Typs(2) endet die EXPLIZITE Darstellungs- 
maglichkeit (= selb&indige Teilfunktionen Zl und 22) bei trivalenten Ansiitzen. 
Filr den polyvalenten Ausgleich mtissen speziell in der analytischen Chemie noch 
Hypothesen und Arbeitstechniken der zeitsynchronen Mehrfachmessung von 
Merkmalen entwickelt werden. Als Beispiel eines impliziten trivalenten Ausgleiches 
konnen die obigen Potentialmessungen dienen, wenn T nicht konstant gehalten, 
sondern gleichzeitig bei den Messungen variiert bzw. zuszitzlich gemessen wird. 
Zwar bleibt in diesem Fall die Formel (7) erhalten, doch ist 

Y=lnCi; Zl=’ 
Ti 

; 222 
Ti 

zu setzen. 
Abschliehend sei darauf hingewiesen, dal3 die Auswahlmiiglichkeiten bei einer 

universellen Ausgleichsfunktion mit 3 Konstanten vom Typ 

Y= [Al-Z1 + p].Z2 + [Cl-Z3 

noch wesentlich erweitert werden kiinnen. Fur diese Grundfunktion existieren 3 
reduzierte Funktionen mit 2 Konstanten und ebenfalls 3 Funktionen mit nur 1 
Konstante. Uber mathematische Struktur und Formulierung einer ALGOL- 
Prozedur AUSGL 3 wird in einer weiteren Arbeit berichtet. 

Elektronische Datenverarbeitung 

Wie in den Arbeiten I, II, III’” werden nachfolgend Programme in der problem- 
orientierten Sprache ALGOL (ALGO-rithmic L-anguage) unter Verwendung der 
fur das Codesystem ALCOR CCIT zuhissigen Zeichen formuliert. In Arbeit I 
wurde hierzu eine Auswahl an einftihrender Literatur gennant. 

Ebenso wie bereits bei der Korrelationsrechnung ist es such hier sehr vorteilhaft, 
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das mathematische Model1 der Ausgleichsrechnung in einer JENSEN-Prozedur 
(Beschreibung z.B. in 3 zu konservieren. Die Prozedur-Vereinbarung beginnt in 
diesem Fall mit: 

‘PROCEDURE’ AUSGL 2 (N, I, Y, Zl, 22, Tl, T2, T3, T4);. . . 
Als Prozedur-Name wurde AUSGL 2 gewiihlt, da eine universelle Ausgleichsfunktion 
mit 2 Konstanten formuliert ist. In der Liste der FORMALEN Parameter stehen 
ausschlieBlich die EINGANGS-Informationen. 

n n N = Datenumfang der parallelen Merkmalsreihen 

i n I = formale Laufzahl 

Y, Zl,Z2 = formale Symbole ftlr arithmetische Ausdrticke, 
gebildet mit den Merkmalsgr6Ben. 

rr, rz, t,, t, A Tl, T2, T3, T4 = Statistische GrbDen der t-Verteilung. 

Die r-GrdBen sind in Tab. II noch niiher definiert und in der Literatur vielfach in 
Tabellenform zusammengestellt (siehe z.B.-). 

Die AUSGANGS-Informationen [A], [B], [sn], [sa], [sn] und eventuelle GrbBen 
i, vi, 71 des AusreiSer-Testes werden nicht gespeichert, sondern direkt ausgedruckt. 
Die Prozedur AUSGL2 besitzt analog den Korrelationsprozeduren KORR und 
TESTS den Charakter eines SCHWARZEN KASTENS (black box) und kann daher 
allein fiber AKTUELLE INPUT/OUTPUT-GraBen in ,,Betrieb” genommen werden, 
wie dies Abb. 1 verdeutlichen soll. 

Damit eroffnet sich die MZiglichkeit, selbst komplizierte Ausgleichsrechnungen 
mit einem Minimum an mathematischen Kenntnissen im Rahmen chemischer oder 
beliebig anderer Problemstellungen sowohl planen als such durchftihren zu k&men. 
Die erforderliche Programmierarbeit beschriinkt sich dabei auf die Erstellung eines 
zumeist sehr einfachen Rahmenprogrammes, das geeignete AUFRUFE der Prozedur 
enthat. Liegen ftir die Beispiele der Tab. I ftir alle Merkmalsgr6Ben z.B. jeweils 
n = 40 Einzeldaten vor, so geniigen als Anweisung zur Durchrechnung allein die 
folgenden Aufrufe im Rahmenprogramm: 

(I) AUSGL 2 (40, I, Y[I], 1, LN(X[I])/LN(lO), Tl, T2, T3, T4); 

(II) AUSGL 2 (40, I, Y[I], XII], X[I]XX[I], Tl, T2, T3, T4); 

(III) AUSGL 2 (40, I, LN(C[I]), 1, X[I], Tl, T2, T3, T4); 

(IV) AUSGL 2 (40, I, Y [I], Xl [I], X2[I], Tl, T2, T3, T4); 

(V) AUSGL 2 (40, I, Y[I], Xllrl - X2[1], X3[I]/X4[1], Tl, T2, T3, T4); 

Eine ausftihrlichere Beschreibung des BLACK-BOX-Prinzipes brachte ber& 
Arbeit III.s 

MATHEMATISCHE STRUKTUR 

Grundsummen und Determinanten 

Grundlage der nachfolgend beschriebenen Rechenggnge bidden die Elementar- 
beziehungen (2) und (3) bzw. (4) und (5). Die mathematische Aufschliisselung, 
insbesondere der Minimumsbedingungen, durch partielle Differentiation wird in 
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t EINGANGS - INFORMATIONEN ( INPUT) 

Datenumfang n und stets formal gleiche Laufzahl i 

und damit gebildete funktionsdquivalente aktuelle 

arithmetrische .Ausdriicke fur Y, 21,ZZ 

1 3 1 & statistische Grossen (t-W&e bus Tabellen ) 

1 
t AUFRUF DER PROZEDUR AUSGL 2. 

mathematisches Model1 

A~SGANGS - ~NFORMAT~ONEN (OUTPUT 1 

1 Verbalurterle uber Realitdt der Konstanten CAI, CBI 

2 
Angabe des realen Funktionstypes 

Y = CAI-21 + CEl*22 oder Y = CAI-21 oder Y = CBl=Z2 

3 
Resultate : Konstanten 

Standardabweichung 
CAI, LB1 

LsKT 
Konstontenfehler LSAT, k+al 

4 Bedinate Resultate i. V; I Fi des Ausreitler -Testes 

ABB. 1 .-INPUT/OUTPUT-System der Prozedur AUSGL 2. 

dieser Arbeit iibergangen, da sie in der Literatur mehrfach ausftihrlich beschrieben 
ist (siehe z.B.~). 

Der eigentliche Rechengang beginnt mit der Bildung von 5 Grundsummen Sl 
bis S5, die man zu 3 Determinanten D, D,, D, zusammenfassen kann, wie dies 
Tab. II unter [l] und [2] zeigt. Wird z.B. die Funktion (I) aufgerufen, so werden 
aktuell die Rechenoperationen 

Sl=$.l =n; s2&ogxl; S3=f(log*#; s4=5i; s5=$yi.1ogxr 
1 1 1 1 

durchgeftihrt. In der Prozedur AUSGL2 wird nur die Hauptdeterminante D 
gesondert berechnet, wlhrend fur die nur einmalig rechnerisch verwertbaren Deter- 
minanten DA, Dn direkt die S-Ausdriicke formuliert sind. Aufrufe der Prozedur mit 

Zl=O oder 22=0 oder 21=22 

fiihren stets zu D = 0 und sind sinnlos. Zur Vermeidung schldlicher Auswirkungen 
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TABELLE II.-MATHEMATBCHE STIZUKTUR DER AUSGLEICHSRECHNUNG MIT 2 KONST~WEN (m-r 
GEDRUCKTE SYMBoLE = ALGOL - NAF.fEN) 

11 Grundsu~n i 21 ~terrn~~t~ 

Sl=~Zl.Zl s4=i:z*-z* D = Sl * S3 - S2 * S2 
1 

D,=S3*S4-S2-S5 
1 1 

mit n = N Da=Sl*SS-S2*S4 
1 . 

31 
Primarresultate 

A = [A] = Da/D = (S3 x S4 - S2 x SS)lr> 

B = @3] = Da/D = {Sl x SS - 52 x S4)/D 

SA = [sh] = gSKt x S3/D und SB = [SBf = l/SKs x U/D 

4 Boole’sche Variable und Rimiir-Entscheidungen 

PrtifgriiRen TAU: r* = lAl/SA und rz = lBj/SB 

VlWmRfiirrAht,; MCHTWAHRffirr,<?l 

V2WAHRfilrza~tl; NIcXTWAHRfilr7n<t~ 

Wenn (Vi UND V2) WAHR dann (Vl) NICHT WAHR setam und weiter bei I71 sonst uach 
Ausgabe der Wahrheitswcrte von Vl und V2 weiter bei 151 

5/ 
Rechengang fur Y = [A] - Zl I I 

Rechengang fiir Y = m] - 22 

A = S4/Sl und B = SB = $ gesetzt 

IK=/~trdtNY@]=AxZl-Y ::;z;::;,.,-, 

SA = dSK’/Sl; neues Vl mit tl SB = m; neues V2 mit ta 

Wenn (neues VI) WAHR, dann zu [7] Wants (neues V2) WAHR, daun (Vl) 
sonst Verbalurteil A = 0 und zu [6] NICHT WAHR setzen und zu [7] sonst 

Verbahuteil B = 0 und ENDE 

7 Resuitatausgabe und Ausreiher-Test 

AUSGABBANWBISUNG ftir [A], [B], [SK], [$A], [sz] 
AUSGABE von i, ~1, 71, wenn 71 = /NY[I]VSK B t, [3] bzw. ~1 2 t, [5] oder [6] 
Wenn (VI) WAHR, dann zurtick nach 161, sonst ENDE 

Integralgrenzen t der t-Verteilung fur VergIeiche 

S=99% Tl=t,fiirf=n-2 S=95% T3=t,furf=n-2 

T2=t,fiirf=n-I T4-t,fttrf=n-1 



24 G. GOI-I-SCHALK 

enthZilt die Prozedur AUSGL2 fur entsprechende Aufruf-Fehler einen ,,Notausgang”, 
wie spZiter noch ausffihrlicher gezeigt wird. 

PrimSrresuitate und PrimCrentscheidung 

Aus Grundsummen und Determinanten folgen die 5 Prin&resultate [A], [B], 
[sn], [s=], [su] nach den Formeln [3] der Tab. III. Die zur Bildung von [sn] erforder- 
lithe Quadratsumme der Einzelabweichungen kann formal such nach 

$v,P=$P_ [A]*S4--l-S5 

berechnet werden. Die rechnerische Genauigkeit der DifIerenzbildung von Summen 
h%ngt jedoch stark von der GraSe der Summen ab. Bei kleinen Differenzen auf grol3en 
Summengliedern besteht die Gefahr, dal3 die zwangslgufige Begrenzung der Zahlen- 
darstellung in elektronischen Rechenanlagen zum Tragen kommt, wodurch sehr 
ungenaue oder sogar falsche Resultate erhalten werden k&men. Dagegen lassen sich 
die Einzelabweichungen 

YI = [A].21 - [B]*Z2 - Y 

sehr genau berechnen, da die resultierenden Differenzen noch relativ grol3 sind. Die 
gleiche Gr6Senordnung der vi-Werte ftihrt such zu einem numerisch stets zuverltisigen 
Summenwert der Quadrate via. Ein weiterer Grund ftir einen Rechengang mit 
Einzelabweichungen ist im vorliegenden Fall die ohnehin erforderliche Kenntnis der 
vi-Werte zur Durchfiihrung des abschliel3enden AusreiBer-Testes. 

Nach Berechnung der Primiirresultate mu13 gepriift werden, ob die ermittelten 
Konstanten [A] und [B] sich im Rahmen ihrer FehlergriiSen [sa] bzw. [sB] tats5ichlich 
real von Null unterscheiden. Hierzu vergleicht man die Absolutwerte T (TAU) der 
Relationen 

I [All I PI1 
7~ = [sal und TB =[sB~ 

mit den Integralgrenzen tl der t-Verteilung fur 
den Freiheitsgradf = n - 2 (2 Konstanten.) und 
der Statistischen Sicherheit S = 99% (level of significance 0,Ol). 

Es ist zweckm@ig, diese arithmetischen Vergleichsausdrticke als Boole’sche 
Variable Vl und P2 zu verschltisseln, wie dies in [4] der Tab. II formuliert ist. 

V. WAHR ist der Aussage Pquivalent, daB die betreffende Konstante SIGNIFI- 
KANT VON NULL VERSCHIEDEN und damit real ist. 

V. NICHT WAHR entspricht der Aussage, dab fiir die betreffende Konstante 
ein UNTERSCHIED ZU NULL NICHT FESTSTELLBAR (allenfalls nur wahr- 
scheinlich) und sie damit nicht real ist. 

Die Primtientscheidung folgt aus einer KONJUNKTIVEN logischen Verkntipf- 
ung der Boole’schen Variablen Vl und V2. Nur fur ,,Vl UND V2 WAHR”, d.h. 
fiir Realitit beider Konstanten [A] und [B] stellen die Primiirresultate bereits das 
Endergebnis dar und die Rechnung ist nach dem AusreiBerTest zu beenden. Wenn 
dagegen ,, Vl UND l’2 NICHT WAHR” gefunden wird, was stets fur , , [A] ODER [B] 
ODER BEIDE nicht real” zutrifft, so sind Folge-RechengHnge fiir die reduzierten 
Funktionen (4) erforderlich. Die Primarresultate besitzen in diesem Fall keinen 
Aussagewert und k6nne vom menschlichen oder maschinellen Rechner , ,vergessen” 
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werden, wodurch die Symbole der G&en fur die neuen Rechengiinge zur Verfiigung 
stehen. 

Folge-Rechenglinge und Sekund~r-Entsclteidungen 

Folge-Rechenglnge auf Grund einer entsprechenden Primlrentscheidung 
werden stets fiir die beiden reduzierten Funktionen (4) durchgefiihrt. Die Formeln 
des 1. Folge-Rechenganges fur Y = [A] - Zl sind in [5] der Tab. II zusammengestellt. 
Man setzt [B] = [su] = 0 und errechnet unter Verwendung der Grundsummen 
Sl und S4 neue Resultate fur [A], [su] und [s,], wobei such hier die Quadratsumme 
zum [s&Wert tiber die Einzelabweichungen vi = [A] - Zl - Y gebildet wird. 
Analog (9) ergibt sich ein neuer TV- Wert, der mit einem t, zu vergleichen ist, das 
fiir f = n - 1 (1 Konstante!) und S = 99 % einer Tabelle entnommen wird. Der 
Vergleich fiihrt zu einer neuen Boole’schen Variablen Vl, die die 1. Sekundiir- 
entscheidung bestimmt. 

1st das neu errechnete [A] real von Null verschieden (,,neues Vl wahr”), so 
stellen die Resultate des 1. Folge-Rechenganges sowie eventuelle Resultate des 
Ausreifer-Testes ein Teilergebnis der Auswertung dar. Ein ,,neues Vl nicht wahr” 
zeigt dagegen eindeutig, da0 fur die vorliegenden Datenreihen in Verbindung mit dem 
Funktionsteil Zl kein reales [A] nachweisbar ist. 

Die Formeln des 2. Folge-Rechenganges ftir Y = [B] * 22 sind in [6] der Tab. II 
zusammengestellt. Es werden zungchst [A] = [~a] = 0 gesetzt und danach unter 
Verwendung der Grundsummen S3 und S5 neue Resultate ftir [B], [sK] und [sn] 
errechnet. Die Quadratsumme zum [s&Wert wird wie bisher tiber die Einzelabwei- 
chungen, hier vi = [B] - 22 - Y, gebildet. Analog (9) ergibt sich ein neuer Tu-Wert, 
der wie das neue T* nach dem 1. Folge-Rechengang mit ts verglichen wird. Der 
Vergleich fiihrt zu der neuen Boole’schen Variablen V2, die die 2. Sekundti- 
entscheidung bestimmt. 

1st das neu errechnete Is] real von Null verschieden (,,neues V2 wahr”), so bilden 
die Resultate des 2. Folge-Rechenganges sowie eventuelle Resultate des AusreiBer- 
Testes das abschliefiende Teilergebnis der Auswertung. Ein ,,neues V2 nicht wahr” 
zeigt dagegen eindeutig, daB fiir die vorliegenden Datenreihen in Verbindung mit 
dem FunktionsteilZ2 kein reales [B] nachweisbar ist. 

Der Fall, dal3 die reduzierten Funktionen JEDE FUR SICH reale Konstanten [A] 
bzw. [B] und somit volls%dige Auswertungsergebnisse liefem, ist keinesfalls 
ungewiihnlich. Die beste funktionelle Interpretation des verarbeiteten Datenmaterials 
gibt dann diejenige Funktion mit der kleineren Standardabweichung [su]. 

Ausreisser-Test 

Nach Durchfiihrung der Ausgleichs-Rechengbinge ist es zur Sicherstellung der 
ZuverHssigkeit der Resultate notwendig, die jeweiligen n Einzelabweichungen vi auf 
ungewijhnlich grol3e Werte zu prtifen. Em durch 

IVll = [SK] * t (10) 

definierter absoluter Fehlerbereich darf nach der mathematischen Theorie statistischer 
Verteilungen nicht beliebig oft und weit tiberschritten werden, wenn bei der Daten- 
em&lung tatsgchlich nur zufallsbedingte EinlXisse wirksam waren. ZulHssige GrbBen 
und Zahl der uberschreitungen der Fehlerbereiche sind iiber die VerteilungsgriiBe t 
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vom Freiheitsgrad f und der statistischen Sicherheit S abhlngig. Die Zulbsig- 
keitsbedingung wird zweckmtil3ig iiber Vergleiche von aus (10) folgenden n 
PriifgriiBen 

IVil 
ri = [SKI (11) 

mit 2 = t(S)-Werten der t-Verteilung formuliert. ,,Uberzufallige” Sondereinfliisse 
sind nicht nachweisbar, wenn 

71 < f(95) 

und t(95) I ~1 < t(99) fiir je lvi unter 20 Daten 

und t(99) 5 pi < t(99,9) fur je lvi unter 100 Daten 

und ~1 1 t(99,9) fur je lvr unter 1000 Daten 

gefunden wird. vi-Werte und zugehijrige Merkmalsgri)Sen, die die Zuliissigkeits- 
bedingung nicht e&hen, werden als AUSREISSER bezeichnet. Ausreisser bewirken 
eine Verzerrung der Resultate der Ausgleichsrechnung. Daher mul3 die gesamte 
Rechnung in solchen Fallen unter Fortlassen der AusreiBer-Gr6Ber bzw. Ersatz 
durch Daten eines neuen Versuches wiederholt werden. 

Im Rahmen der ALGOGProzedur AUSGL2 beschriInkt sich der AusreiBer-Test 
auf das Auffinden und Ausdrucken der Datennummer i, der Abweichung VI und der 
PtigrGBe TI fiir alle Abweichungen mit 

bil 
[ssl = Ti 2 t(95) (12) 

wobei t(95) = t, mit f = n - 2 fur die Hauptfunktion (2) und t(95) = ta mit 
f = n - 1 fiir die reduzierten Funktionen (4) gesetzt wird. Ob die ausgedruckten 
GraBen tatsachlich AusreiBer sind, mu13 nach Anzahl und Vergleich von 71 mit 

entsprechenden GrSBen t(99) und t(99,9) extern entschieden werden. Es sei hier 
darauf hingewiesen, dal3 ein analoger AusreiBer-Test bereits in der Arbeit I (Modell- 
analysen) formuliert und durchgeftihrt wurde. 

Flussdiagramm 

PROGRAMMIERUNG 

Abb. 2 zeigt das vollstandige Ablaufschema der Prozedur AUSGL2. Aus dem 
FluBdiagramm kann man unmittelbar die miiglichen Rechenablliufe entnehmen. 

(1) I% [A] UND [B] real von Null verschieden, so wird auf Grund der Pquivalenten 
Prim&Entscheidung ,,Vl UND V2 wahr” der ‘THEN’-Zweig eingeschlagen 
und zuntihst formal ,,Vl nicht wahr” gesetzt. Danach werden iiber die 
Marke AUSGABE die Prim&rest&ate und eventuell Werte zum AusreiBer- 
Test ausgedruckt. Wegen ,, VI nicht wahr” ftihrt die Ausgangsentscheidung 
folgerichtig zum ENDE der Rechnung. 
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‘ROZEDUR- KOPF 

SKI KSAI CSBI 

dann Ausgobe : 

ABE. 2.-FluDdiapmm der ALGOL-Prozedur AUSGL 2. 
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(2) 1st [A] UND bzw. ODER [B] nicht real von Null verschieden, so wird der 
Weg (1) ,,verschlossen”. Nach Ausdrucken der mijglichen Ursache 

Vl WAHR UND V2 NICHT WAHR 

oder Vl NICHT WAHR UND V2 WAHR 

oder Vl NICHT WAHR UND V2 NIGHT WAHR 



28 G. Gorrscxu~~ 

wird der Rechengang fur die reduzierte Funktion Y = [A] l Zl durchgeftihrt, 
wobei [B] = [sn] = 0 gesetzt und such ein neuer Wahrheitswert fiir Vl 
erhalten wird. 

(3) Sofem das neu errechnete [A] real von Null verschieden ist (,,neues Yl 
wahr”), fiihrt ein ‘THEN’-Zweig direkt zur Marke AUSGABE, wo die 
neuen Resultate und eventuell Werte des AusreiBer-Testes ausgedruckt 
werden. Wegen ,,Vl wahr” s&lie& sich sodann noch der Rechengang 
ftir die reduzierte Funktion Y = [B] * 22 an. Dieser Rechengang wird 
such direkt aktiviert, wenn das neu errechnete [A] nicht real von Null 
verschieden ist (,,neues I’1 nicht wahr”), wobei vorher noch das Urteil 

UNTERSCHIED VON [A] ZU NULL NICHT FESTSTELLBAR 

ausgedruckt wird. 
(4) Im Rechengang ftir Y = [B] - 22 wird [A] = [sa] = 0 gesetzt und such 

ein neuer Wahrheitswert ftir V2 ermittelt. 1st das neu errechnete [B] real von 
Null verschieden (,,neues v2 wahr”), so wird in einem ‘THEN’-Zweig 
formal ,, Vl nicht wahr” gesetzt. Danach werden iiber die Marke AUSGABE 
die neuen Resultate und eventuell Werte des AusreiBer-Testes ausgedruckt. 
Wegen ,, Vl nicht wahr” ftihrt die Ausgangs-Entscheidung wie bei (1) zum 
ENDE der Rechnung. Fti ,,neues v2 nicht wahr” fiihrt ein ‘ELSE’-Zweig 
zum Ausdrucken des Urteils 

UNTERSCHIED VON [B] ZU NULL NICHT FESTSTELLBAR 

und danach zum ENDE der Rechnung. 

ALGOGProzeduren und Rahmenprogramm 

Abbildung 3 bringt die ALGOL-Formulierung der Prozedur AUSGL2. Sie 
enthat im Prozedur-Rumpf die weitere JENSEN-Prozedur VAR zur Berechnung 
der Summe von Abweichungsquadraten, die insgesamt 3 mal mit aktuellen GriiBen 
aufgerufen wird, sowie eine einfache Prozedur BOOLE zur Berechnung von Wahr- 
heitswerten, die 4 ma1 aufgerufen wird. Im Rahmen der Rechenanweisungen ist 
unmittelbar nach der Berechnung der Hauptdeterminanten D eine Bedingte 
Anweisung 

‘IF’ D ‘EQUAL’ 0 ‘THEN’ ‘BEGIN 

WRITE (,‘< = AUFRUF-FEHLER: Z = 0 ODER Zl = 22, 

DAHER D = 0”); ‘GO TO ENDE ‘END; 

formuliert, die die Auswirkung eines fehlerhaften Prozedur-Ausfrufes im Rahmen- 
programm durch Auslassen aller weiteren Rechenanweisungen im Prozedur-Rumpf 
eliminiert. Ohne diesen ,,Notausgang” wiirde die rechnerische Auswertung eines im 
Rahmenprogramm formulierten Problems mit maschineller Fehlermeldung 
,,DIVISION DURCH NULL” automatisch gestoppt werden, was insbesondere 
bei llngeren Programmen zu einer betriichtlichen Erhiihung des Zeitbedarfes fiihrt. 

Die Prozedur AUSGL2 ist erprobt und braucht von einem Bentitzer nur sorgfaltig 
abgeschrieben und an ein Rechenzentrum gegeben zu werden. Die zuktinftige 
Arbeit beschrinkt sich sodann auf das Schreiben problemspezifischer Rahmen- 
programme, in die die Prozedur lediglich im Vereinbarungsteil durch den Hinweis 
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‘PROCEDURE’ AUSGL 2 (N,I,Y,Zl,Z2,Tl,T2,T3, T4 ); 
‘REAL’ Y, 21, Z2,Tl , T2 ,T3 ,T4 ; ‘INTEGER N, I ; 

‘BEGIN’ ‘REAL’ Sl,S2,S3,S4,SS,pl,P2,p3,D,A,B,SK,SA,SB,TAU; 
‘BOOLEAN’ Vl,V2 ; ‘ARRAY’ NY Cl:Nl; 

‘PROCEDURE’ VAR (N,I,A,E,Y,Zl,Z2,NY,SK); 

‘REAL’ A,B,Y, Zl,i!Z,SK; ‘INTEGER’ N,L ; ‘ARRAY ’ NY ; 
‘BEGIN’ SK : = !Ti ; ‘FOR’ I : I 1 ‘STEP’ 1 ‘UNTIL’ N ‘DO’ 

‘BEGIN’ NYCII: =-A =?l+ BxtZ-Y; SK:= SK+NYCIlxNYCIl ‘END”END’ 

‘PROCEDURE’ BOOLE (U, SU, T, V ) ; 
‘REAL’ U,SU,T ; ‘BOOLEAN’ V ; V: = ABS (U/SU) ‘NOTLESS’ T ; 

Sl:=S2:=S3:=SL:=SS:=#; 
‘FOR’I:= 1 ‘STEP’~ :uNTIL’ N ‘DO* ‘BEGIN’ ~1:~ 21; p2:= 22; p3:=Y; 

s1:= Sl+ Pl x Pl ; -52: I, S2+ Pl x P2; S3:. s3+ PZxP2; 
sL:=sL+PlxP3; ss:=ss+P2aP3 ‘END’; 

D:=SlrS3-S2xS2; ‘IFi D ‘EQUAL’ 4 ‘THENI’BEGIN’ 
WRITE (“<=AUFRUF-FEHLER:Z=‘$uODERuZ1.22, DAHERuD I 0”) ; 

‘GO TO’ ENDE ‘END’; 

A:t(S3rS4 -52x5X)/D; 8: = (SlxS5 -SZx S4)/D; 
VAR (N,I,A,B,Y,Zl,Z2,NY,SK); SK:= SK/(N-2); 
SA:=SORT(SKRS~/D); SB:sSQRT (SKrSl/D); SK:=SQRT (SK); 
BOOLE (A,SA,Tl,Vl); BOOLE (B,SB,Tl,VZ); 

‘IF’ Vl ‘AND‘ V2 ‘THEN’ ‘BEGIN’ 
WRITE (“<ES FUNKTION 
Vl: = ‘FALSE’ ; 

:uY=CAlxZl+CB3xZ2”); 
‘GO TO’ AUSGABE ‘END’ ; 

‘IF’ Vl ‘THEN’ WRITE fwC == VluWAHR ‘) . . 
‘ELSE’ WRITE (“< == Vlu NlCHTuWAHR’) ; 

‘IF’ V2 ‘THEN’ WRITE ( +” UND ’ V2 u WAHR”) 
‘ELSE’ WRITE (“3 UN&‘2 uNICHTuWAHRX); 

T3:=T4; 
A: t s4lSl; 8:. SB: = 
SK:= SK/(N-1); 

d.‘#‘; VAR (N,I,A,~,V,Z1,0,NY,SK); 
SA: = SORT (SK/Sl) ; SK: =,SPRT (SK) ; 

BOOLE (A,SA,TZ,Vl); ‘IF’ Vl ‘THEN’ ‘BEGIN’ 
WRITE (“< = I RESTFUNKTION :uY L CA1 x21’); ‘Go TO’ dU5GABE ‘END’; 

WRITE (“se= UNTERSCHlEDvVDNuCAluZU’uNULLuNICHT~FES~SlEUBARq); 
I 

M: 8: = S5/S3; A:= SA:= 66; VAR (N,I,‘#‘,B,Y,‘P,Z2,NY,sK); 
SK:= SK/(N-1); SB:=SORT (SK/S3); SK:= SQRT (SK); 
BODLE (B,SB,TZ,V2); ‘IF’ V2 ‘THEN’ 

WRITE (“< =‘x RESTFUNKTION : u Y = CBI x Z2 u, 
‘ELSE’ ‘BEGIN’ * 

WRITE (“< == UNTERSCHIED~VON,CBI~ZU~NULLUNICHT,FESTSTELLBAR”)~ 

‘GOTO’ ENDE ‘END’ ; 

v1:m ‘FALSE’ ; 
I 

.AUSGABE : WRITE (“< == RESULTATE : < = * 
PRINT (A,B,SK,SA,SB); 

~~AI~CBI~~SKI~~SAI~?,CSBI*~; 

‘FOR‘ I : = 1 ‘STEP’ 1 ‘UNTIL’ N ‘DO’ ‘BEGIN’ 
TAU:. ABS (NYC13 )/SK; 
‘IF’ TAU ‘NOTLESS’ T3 ‘THEN’ ‘BEGIN’ 

WRITE (%*-AUSREISSER-TEST:<=? 18NYh??TAU ‘); 
PRlNT(I,NYLIl,TAU) ‘END’ ‘END’; 

‘IF’ Vl ‘THEN’ ‘GO TO ’ M * , 

ENDE : ‘END’ PRDZEDUR AUSGL 2 ; 

ABB. 3.-ALGOL-Formulierung der Prozedur AUSGL 2. 
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. . . HIER AUSGLZ EINLESEN . . . 

eingeftigt und im Anweisungsteil durch Aufrufe mit aktuellen Parametern rechnerisch 
aktiviert wird. Der ,,Schwarze Kasten” der Prozedur AUSGL2 besteht hier wie bei 
jeder Prozedur aus einer separaten LochstreifenRolle (in SonderfZdlen ein Lochkarten- 
stapel), der bei Bedarf au& schnell vervieltWigt und an andere Interessenten weiter- 
gegeben werden kann. Bei Schreiben des Datenstreifens mit aktuellen Daten mu13 
darauf geachtet werden, dal3 die Reihenfolge der Daten mit der Reihenfolge in den 
Leseanweisungen des Rahmenprogrammes tibereinstimmt. Im folgenden wird die 
Erstellung eines speziellen Rahmenprogrammes unter Verwendung der Prozedur 
AUSGL2 an einem Beispiel gezeigt. 

Problemstelbmg 

BEISPIEL 

Bei flammenphotometrischen Analysenverfahren findet man in Bereichen kleiner Konzentrationen 
C im allgemeinen einen linearen Zusammenhang zwischen C und meDbarer Strahhmgsintensit&t Z 
der Flamme. In Bereichen hoherer Konzentration resultieren jedoch bei Messungen der Resonanz- 
Strahlung mehr oder minder stark gekrihnmte Eichkurven C = F(Z), da Effekte der SELBSTAB- 
SORPTION und der SELBSTUMKEHR zum Tragen kommen. Ausftihrlicher wird hier%ber z.B. 
in a berichtet. Bei reiner Selbstabsorption sollen die Eichkurven durch Funktionen der Form 

Z~~~bzw.C~Z’ 

und bei zusihzlicher Selbstumkehr durch solche der Form 

I-+??bzw.C-ZI’mitb>2 

beschreibbar sein (siehe auchl”) . 
Ftir die Alkalien Natrium und Kalium ergalxn Messungen gleichartig abgestufter Konzentrationen 

C im MAKRO-Arbeitsbereich, der zu 
10 bis 1 ~Mol cm-* 

entspricht 1 bis 0.1 mMo1 Na bzw. K pro 100 ml Ltisung 
deliniert wurde,s unter den nachfolgend beschriebenen Versuchsbedingungen relativ stark gekriimmte 
Eichkurven, die durch eine geeignete Funktion C = F(Z) interpretiert werden sollen. 

L&XJNGSSYSTEME : 

APPARATIVE PARAMETER: 

NORMIERUNG: 

6 MeBgruppen mit je 4 vorgegebenen Konzentrationen 
10,0/8,0/6,0/4,0/2,0/1,0 ,uMol - cm-* 
an NaCl bzw. KC1 in 0,l m HCl 

Eppendorf-Flammenphotometer 
(Fa. Netheler u. Hinz, Hamburg) 

Strahlungsempf~nger: RCA 1 P 21 
Gasmischung: Propan 200 mm WS 

Luft 0,s kg - cm-4 
Natrium: Filter 589 my 

(Saugspannung 2/Ge 1) 
Kalium: Filter 768 rnp 

(Saugspannung 3/Ge 1) 

0,l m HCl auf 0 Skalenteile 
C, = 10 ~Mol * cm-* (0,Ol m) NaCl bzw. KCl/O,l m HCI 
auf Z0 = 1000 Skalenteile. 

Tabelle III gibt eine Zusammenstellung der gemessenen Intensitlten Zl filr Na und Z2 fit K, w&rend 
Abb. 4 die entsprechenden Eichpolygone graph&h verdeutlicht. 

Mathematische Rahmenstruktur 

Auf Grund der Normierung sollten Konzentrationen 0 S C 5 10 theoretisch aus 



Elektronisches Rechnen in der analytischen Chemie-IV 31 

folgen. Tatsachlich resuitieren unter den vorgegebenen Versuchsbediingen jedoch nichtlmeare 
Zusammenhitnge C = F(Z), wie Abb. 4 zeigt. Unter Berilcksichtigung der oben genannten C/Z- 
Zusammenhiinge wurde eine Ausgleichsrechnung fiir 4 verschiedene Funktionstypen (2. Kemmiffer) 
sowohl filr die Na-MeBreihe (1. Kennziffer = 1) als such fiir die K-MeBmihe (1. KennrXer = 2) 
durchgefiihrt. 

TALIELLE III.-MF@WERTE Zl UND 12 IN SKALENTEILEN Otis VORGEGEBENE KON- 
ZENTIUTION C AN NATRIUM BZW. KALIUM IM MAKR~-ARBEITSBEREICH 

i 

1 
2 
3 
4 

: 
7 
8 

9 
10 
11 
12 

Konzentration 
c 

pMol. cm-= 

10,o 

8,O 

6,O 

Natrium (589 mr) Kalium (768 rnp) 

11 fi 12 -iz 

1001 992 
998 999,50 
999 (ztl,29) 

g 991,25 
(z&50) 

1000 993 

901 899 900,75 871 872 872,00 
900 (z.t1,71) 871 (fl,42) 
903 874 

759 719 
760 759,00 720 72025 
758 (ztO,82) 720 (z&26) 
759 722 

13 581 535 
14 585 583,OO 535 535,75 
15 490 ;: W,83) 535 (xtL50) 
16 538 

17 358 306 
18 

290 
354 356,00 305 302,OO 

;: 356 356 (*1,63) 299 298 (f4sW 

:: 195 197 153 19625 150,75 
23 LO 197 (f0,96) :: (fl,50) 
24 196 150 

Bemerkungen: In Klammem ( ) stehen die Gruppenstandardabweichungen sr. 
Eine ,,mittlere” Standardabweichung [sr] der Intensit8tsmessung 
folgt zu: 

[sr] = = &1,81 Skalenteilen 

1. Funktion [ll] bzw. [21] 
C-[A]+[B *Z*mitY=C~;Zl=l;Z2=Zl~‘bzw.Z2~’ 

Diese Fur&ion entspricht einer Intensitgtsformel: 

Z=d/b*(C-a)wobeia= [A]undb=l/p] 

Fiir C = 0 verbleibt bei a < 0 ein Leerwert Zn = b * d/‘=;i 

2. Funktion 1121 bzw. [22] 
C = [A] . Z + [B] * I’ mit Y = Cl; Zl = Zli bzw. Z2i; 22 = Zli’ bzw. Z21* 

Diese Fur&ion entspricht einer Intensittitsformel: 
1 [Al Z=a*(ql +b.C-l]wobein=-.-undb=4g, 
2 WI 

C = 0 liefert Z = 0. 

s 
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5 10 

ABB. 4.-Flammenphotometrische C,I-MeJ3punkte (I-Mittelwerte) fib Natrium und 
Kalium im Makro-Arbeitsbereich. 

3. Funktion [13] bzw. [23] 

InC = [A] + [B] . 1nZ mit Y - h&i; ZI = 1; 22 = InZli bzw. lnZ2i 

Diese Fur&ion entspricht einer Intensitatsformel: 

Z = u * $z wobei b = [B] und Ina - -[A]/[B] 

C= 0 liefert Z = 0. Sofem die Kurvenkriimmung nur durch Selbstabsorption verursacht wird, 
sollte [B] nicht signifikant von 2 verschieden sein. [B] > 2 ist bei zusatzhcher Selbstumkehr zu 
erwarten. Wiihrend die Auswertung von Funktion 1 und 2 mit [sJ = [SK] unmittelbar eine im 
K;mtfnybereich konstante Standardabweichung in C-Einheiten pMol * cm-’ liefert, gilt bei 

oder [se] = C. [SK] 
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Im Arbeitsbereich ist hier der VariationskoeflIzient IX konstaut, wodurch [sc] im Bereich 

variiert. 
[s,k, = 10 - [ss] bis [s& = 1 * [sa] 

4. Fmktion [14] bzw. [24] 

In; = [A] + [B].Zmit Y=Q ci bzw.h+; 21 = 1; Z2=Zlibzw.Z2i 
i 

Diese Funktioa entspricht einer Konzentrationsformel: 

C=a.Z*eb’lwobeilnu= [A]undb=p] 

C = 0 ergibt Z = 0. Die zu Vergleichen bentitigte Standardabweichung [sc] folgt aus : 

[sK]x = S(Y)’ = (F)’ + (+I)’ 

bzw. [SC] = C * 

Im Arbeitsbereich gilt nach Tab. III [Q] = f1,81 SKT. 

ALGOL-Rahmenprcgramm 

In Rahmenprogramm werdeu namentlich nur die aktuellen Grt%en 

Tl, T2, T3, T4, I, WI, 11 [II, I2Dl 

vcreinbart und bii auf I als Eingaugs-Informationen eingelesen. n 2 N = 24 wird direkt numerisch 
eingesetzt. 

Abbildung 5 zeigt das Rahmenprogratmn rnit der einmaligen Prozedurvereinbarung, den schrift- 
lichen Erliiuterungen durch WRI~Anweisungen und den insgesamt 8 Prozeduraufrufen. 

Entsprechend den formulierten Leseanweisungen sind die Eingangsdaten in der Reihenfolge 

(tl, ts, ts, t Cl, Ill, 1% c,, IL, a, * *. , cab ZL, z&4; 

im Datenstreifen numerisch aufzuliiten. Filr die I-Werte fmdet man in entsprechender Tabelle: 

S=s9% S=95% s = 9!J,9% 
f=n-2=22 tI = 2,819 t, = 2,074 3,792 

f=n-1=23 t, = 2,807 t, = 2,069 3,767 

Bearbeitungszeiten, Resultate, Urteiie 

Das vorliegende Beiipiel wurde mit einer relativ hmgsamen Klein-Rechenanlage ZUSE 223 
durchgerechnet, wobei folgende ICenngr&%n ermittelt wurden: 

Angezeigte Rechenbefehle im Befeblsqister fttr das Gesamtprogramm: 1834 

Eiiesen der Prozedur AUSGL 2: 3min2Ssec 
Einlesen des Rahmenprogrammes: 2min45sec 

PROGRAMM-EINLESEZEIT PEZ 
Daten-Eiiesezeit DEE: 
Rechenzeit RZ, Schnell-Locher-Ausgabez 

(Femschreiber 

6minlOsec 
- 2Osec 

1ornin - 
14min2Osec) 

ELEKTRONISCHE BEARBEITUNGSZEIT EBZ: 
GESAMTZEIT ftlr das Be&spiel: 

1olnin2osec 
[16 min 30 set] 



34 G. ~lTSCIiALK 

'BEGIN' 
‘REAL’ 11,X ,T3, T4 ; 
‘INTEGER’ I ; 
‘ARRAY’C,Il,IZ C1:241; 

(Emlose - STOP durch hmrelchend lanqe Folqe van BU -.?e/chen ) 

‘PROCEDURE’AUSGL2 (N,I,Y,Zl,ZZ,Tl,T2,T3,T4); . . . . 

dann welter Rahmenprogramm elnlesen ) 

READ (Tl,TZ,T3,TL); 
‘FOR’1 : = 1’STEP’ 1 ‘UNTIL’ 24 ‘DO’ READ (CtIl,IlLtl, 12C11); 

WRITE (‘I< : AUSGLEICHSRECHNUNG+ MIT o_., 2 uKONSTANTEN 
< = FLAMMENPHOTOMETRIE Y FUER ,_,C = 10,BIS “1 uMIKROMOL/ CCM “1; 

WRITE (‘I< z ELEMENTUNATRIUM d.0 
<~Clll~CCNAl=CA3~CB3xIxI”); 

AUSGL2 (24,1,CC11,1,11C11~11C11,T1,72,73,T4); 

WRITE (‘<i Cl2luCCNol = tAl.I+CBlxIxI”); 
AUSGL2 (Z4,I,CCII,I1LI1,I1EIlxI1CIl,T1,T2,T3,T4); 

WRITE (“<~C131uLN(CCNal)=IAl+CB3~LN(I)U); 

AUSGL2 (24,I,LN(CCIl),1,LN(11CIl),T1,T2,T3,T4); 

WRITE (“4 4 C141ULN(CCNal/I) = CAl+CBlxI”); 
AUSGLZ (24,1,LN(CC11/11111),1,11C11, TT,T2,T3,T4); 

WRITE (‘< 2 ELEMENT u KALIUM u :1 
<z CtlluCCKl = CAl+CBl x1 x I”); 

AUSGL2 (24,I,CCII,1,I2CIl~I2CIl,Tl,T2,T3,T4~; 

WRITE(d C221,CCKl =CAlxI+CB1xIxI”); 
AUSGL 2 ( 24,I,CCII ,12CIl, 12Cfl IZCII ,Tl ,T2,T3,T4); 

WRITE (h< 2 C231uLN (C(K3) = CAl+CBlxLN (I)“); 
AUSGLZ (24,I,LN(CEIl),1,LN(I2CIl),T1,T2,T3,T4); 

WRITE (‘I< 6 C241uLN (CCKl/I) = CAl+ tB1 x I”) * 
AUSGLZ (24,I,LN(C~Il/I2CII),T,I2CIl,T1,’T2,T3,T4); 

‘END’ RAHMENPROGRAMM 

ABB. 5.-ALGOLRahmenprogramm des Beispieles. 

Ftlr die vollstandige Durchrechnung und Beurteilung von mu einer der 8 Ausgleichsfunktionen 
werden mu etwa 1 min 20 set RZ benotigt. Die Umsetzungszeit des Ergebnis-Lochstreifens des 
Schnell-Lechers mit einem ALGOL-Schreiber in einen Klarschriftbogen betriigt 4 min. 

Tabelle IV gibt eine Zusammenstellung der gerundeten Resultate sowie die aus [rk] folgenden 
vergleichbaren Standardabweichungen [SC] und Variationskoeflizienten VK ftir Konzentrationen C 
der oberen und unteren Grenze des Makro-Arbeitsbereiches. Abbildung 6 zeigt Anfang, Mittelteil 
und Ende des maschinell erstellten Ergebnis-Bogens. 

Diskussion der Ergebnisse 
Zunilchst ist festzustellen, daD bei allen 4 vorgegebenen Funktionen real von Null verschiedene 

Konstanten [A] und [B] gefunden wurden. In keinem Fall wurde dartlber hinaus die t(95)-Grenz 
zum AusreiBer-Test (12) tlberschritten, obwohl bei n = 24 sogar 1 Wert YI mit r(95) 5 or < t(99) 
zuliissig ware. Zur besseren Beurteilung der Qualitlt der jeweiligen Fur&ion ist es im vorliegenden 
Fall zweckm%Big, neben den Fehlergrotlen [so] und VK such die aus 

[Cl = F@) bzw. F(I?) sowie [II = F’(C) 
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ALCURA NQ: 223 Mows 4 

ALEXXEICHS~ MIT 2 KDN!iTANTEN 
WOMETRE FUER C=lO BIS 1 MlKROMOL/CCM 

ELEMENT NATRIUM xxxxxxxxxx 

Cl1 3 CINol~CAI+C9lJxI 

FUNKTION: Y=fAlxZl+LBlxZ2 

RESULTATE : 
IA1 IBJ ESKJ 

.763342476 .913685427+ .122033612 

. 

. 

. 

El4 f ~(CCNal/I}=tA~+~Bl~~ 

FUNKTION: Y=EPJxZl+LBfxZ2 

RESULTATE : 
CA3 LB3 CSKJ 

-.S46327280j01 .83486500+$3 .17122776710-1 

ELEMENT KAL8JM xxxxxxxxxx~. 

t213 CCKldAl+CB3xIxI 

~KTI~ : Y= EAl~ZkCBlxZ2 

RESULTATE : 
CA3 CBI [SKI 

.11011324B~01 .916108420+ .195601369 

1243 LN(CEK~/I)*CAI+CB~XI 

FUNKTION: Y=tAlrZ1+IBfxZ2 

RESULTATE : 
CA3 LB3 CSK3 

-.514240880~1 .SVSS8633j0-3 .3330202S8+ 

CSAI CSBI 
.42529371l$yl .71S266S79,0-7 

ISA3 LSBI 
l 847439031m-2 .1220722341(1-4 

CSA3 1583 
.64822915%-l .11 S07219~o-6 

CSAI CSB3 
.1514871~~-~ .22739990*4 

Ann. C.-Ausschnitt des maschincll erstellten Erg&is-Bogens. 
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TABLE IV.-ZUSAMMENSTELLUNG DER RESULTATE (GERUNDET) 

Funktion C= [A] + [B] * I’ C= [A] . Z+ [B] . I’ lnC=[A]+[B].lnZ In;= [Al+[Bl*I 

NATRIUM 

Nr. IllI 

+0,7633 
+9,1369. lo-” 

[Sit1 fO,lU 
tsA1 *to,0425 
lSR1 f0.0715 * 10-e 

WI 1131 1141 

+2,8702 - 10-s -7.4856 --5,4633 
+6,9065. 1O-B +1,4041 +0,8349 * lo-’ 
rtOJ68 zlzo,O669 *0,0171 
&0,228 * lo-’ *0,151 ztO,OO85 
hO.266. lO-B 10.0239 *0.0122 * 104 

KALIUM 

Nr. r2:1 I WI I r231 I WI 

+1,1011 +4,6823 . 10-s -6,178l 
+9,1611 - 1O-6 +5,3020 - 10-O +1,2164 

[SKI &0,196 &0,131 &0,0708 

z 
f0,0648 &O,lSO - lo-’ 10,137 
&0,1151 * 10-6 f0,213 * 10-O +0,0219 

Standardabweichungen [SC] in ,~Mol * cm-’ und Variationskoeffizienten VK 

-5,1424 
+0,5176 * 10-a 
*to,0333 
*IO,0151 
&0,0227 . 1 0 

*0,168 

Al,68 Rel% 
116,s Rel% 

ztO,669 
&to,067 

&6,69 Rel% 

f0,172 
*to,020 
&1,72 Rel% 
&1,95 Rel% 

k3: 
iO,196 f0,131 &to,708 &0,333 

K VK, 
&0,071 &fro,035 

&1,96 Rel% &1,31 Rel% 
I’& 

rt7,OS Rel% 
&3,33 Rel% 

f 19,6 Rel% fl3,l Rel% &3,54 Rel% 

TABELLE V.-IST-WERTE C UND ii BZW. n UND FUNK~~ONELLE SOLL-WERTE [C] UND [r] IN 
,uMol - cmJ BZW. SKT AN DEN GRENZEN DES MAKR~-AR~IX~BEREICHES 

IST SOLL I111 [I21 [I31 r141 

10,o Ll = 9,891 9,768 8,925 9,761 
Na 130 0,899 0,829 0,912 1,020 

999,50 1005,4 1013.3 1085,2 1012,7+ 
196,25 161,O 225,s 209,6 199,6* 

IST SOLL t211 I221 1231 [241 

10,o Ll = 10,103 9,851 9,151 9,676 
K 130 1,122 0,826 0,926 1,050 

991.25 985,6 1001,o 1066,3 1013,O’ 
150,75 imaginar 177,s 160,6 157.7* 

* Durch iterative Rechmmg ermittelt. 

folgenden funlctionellen Sollwerte an der oberen und unteren Grenze des Makro-Arbeitsbereiches zu 
betrachten. Tabelle V gibt eine Zusamm enstellung der entsprechenden Gr613en. 

Sowohl die VK-Werte (Tab. IV) als such die funktionellen Sollwerte (Tab. V) der Funktionen 1 
und 2 migen unmittelbar, dat3 die Daten-Interpretation durch diese Funktionen insbesondere fur 
kleine C-Werte sehr tmbefriedigend ist. Sie sind als analytische Berechmmgsfunktionen ungeeignet. 

Obwohl die Fun&ion 3 das nach der Literatur miigliche Wurzelgesetz in C darstellen kann, 
erweist sie sich als wenig geeignet zur Interpretaion der hier vorliegenden Daten. Sie scheidet eben- 
falls als analytische Rerechmmgsfunktion aus, da Ist- und Sollwerte vor allem an der oberen Grenze 
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des Arbeitsbereiches erheblich voneinander abweichen. Die Wurrelgriioen sind mlt b = p] = 
1.40 bzw. 1.22 sehr vie1 kleiner als 2 und lassen vermuten, da0 die MeBdaten noch im Ubergan@- 
gebiet zwischen linearen und gekrtimmten Eichkurven liege& 

Bei der Funktion 4 werden bemerkenswert kleine FehlergroBen [sJ und I% erhalten, wobei such 
die Ist- und SollgroQen an den Bereichsgrenzen relativ gut tlbereinstimmen. Daher ist der Funktions- 
typ 4 unter den hier vorgeschriebenen Vemuchsbedingungen als analytische Berechnungsfunktion 
grund&tzlich brauchbar. Die entsprechenden Formeln 

fiir Na: C = 4,2396 * lo-’ * I * EXP {0,83487 - 10J * Z) 

oder log C = log Z + 0.362577 * lO-J. Z - 2,372669 

ftir K: c = 58446 * 10-a * I’ EXP {0,517559 - 10-a * Z-J 

oder log C = log Z + OJ24773 - 10J . Z - 2,333320 
sind jedoch kompliziert. Sofem man Messungen lm Makro-Arbeitsbereich nicht ohnehin dumb 
Verdthmung der Probekisung vermeidet, wird der zu einem MSwert Z gehorende C-Wert zweck- 
m8l3ig direkt einer Eichkurve entnommen. 

Das Konzemrationsgesetz C = u * Z * eD” ist ein empirisches Gesetz, von dem sicb ledlglich 
sagen li%!t, daB die Konstante (I mit wachsenden EtIekten der Selbstabsorption und Selbstumkehr 
kleiner, die Konstante b jedoch grt%r wird. Im gleichen Konzentrationsbereich sind diem Etfekte 
bei Natrium stiirker als bei Kalium. 

Sommary--optimal functions to interpret the relationship between 
different series of experimental data measured for similar objects 
or processes can be found by least squares adjustments of systematically 
varied functions. The mathematical structure of a universally applio- 
able equation with two constants has been developed, and also two 
reduced equations with only one constant each. A calculation pro- 
cedure, named AUSGL 2, is given for it in the problem-oriented 
language ALGOL for electronic computing. This procedure is a 
cvbemetic “black box” and is used as a closed block within a simple 
f&ne programme for special problems. Its practical use presuppo&s 
onlv a little mathematical knowledge. Bv means of brie& outlined 
examples of the application of the fu’nction’ to bi-, ter- and r&ltivalent 
adjustment of corresponding series of analytical results, a partially 
novel approach to a rational test and evaluation technique is shown. 
In a comprehensive example a functional analysis is made of two 
flame-photometric test series for Na and K in concentration ranges 
which result-through self-absorption and self-reversal-in non-linear 
calibration curves. By a simple frame programme a total of 8 (2 x 4) 
functions can be electronically evaluated in less than 17 min, whereas 
the time needed for conventional calculation is more than 170 times 
as long. 

R&arm&&i peut trouver les fonctions optimales pour interpreter la 
relation entre diff&entes series de don&s mesurees pour des objets ou 
pro&% simllaires par Qalisation de fonctions variant systematique- 
ment par la methode des moindres car&. On a developpe la structum 
mathematique dune equation universellement applicable avec deux 
constantes, et aussi deux equations &duites avec seulement une 
con&ante chacune. On dorme pour cela un pro&% de c&u& 
appel6 AUSGL 2 dans le langage ALGOL pour la computation tlec- 
tronique. Ce pro&e est une “boitre noin? cybernetique et est 
utili& comme un bloc clos a l’inttrieur d’un programme-cadre simple 
pour des problbmes &ciaux. Son emploi pratique ne presuppose que 
peu de c&naissan& mathematiques: Au moyen d&n@& bri& 
ment esauis& de l’annlication de la fonction a l’&absation bi-. 
ter- et multivalente de*&rie correpondantes de rcSul& analytiques; 
on montre une approche partiellement nouvelle d’un essai rationnel 
et d’une technique d’evaluation. Dam un exemple complet, on effectue 
l’analyse fonctionnelle de deux Series d’essals de photomttrie de flamme 
pour Na et K dans des domaines de concentration menant-par auto- 
absorption et auto-renversementd des courbes d%talonnage non 
lin&tires. Par un simple programme-cadre, on peut Cvaluer un total 
de 8 (2 x 4) fonctions &ctronlquement en molns de 17 min. alors que 
Ie temps n&es& par le calcul ordlnaire est plus de 170 fois plus long. 
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POLAROGRAPHIC REDUCTION BEHAVIOUR 
OF CLAY MINERALS 
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Sammary-Suspensions of the clay minerals bentonite, kaolinite 
illite and chlorite have been examined polarographicaliy and reduction 
waves found. The differences in their behaviour, with and without the 
addition of surface active reagents, are reported. 

THE accidental discovery by Mickal of the polarographic reduction of insoluble 
substances at the dropping mercury electrode (D.M.E.) has already been conlirmed 
by Hallum and Drushel’s results on Carbon Black suspensi0ns.e The most striking 
and important result of these investigations is that substances of similar chemical 
composition but of different crystallographic form show different reduction behaviour. 
ZagorskP and Kalvoda,” using oscillopolarography, found the colour, surface-area 
and cation-radius of the insoluble substances which they studied were sign&ant. 

The behaviour of clay minerals towards polarographic reduction presents results 
of great complexity and nothing has so far been reported indicating the utility of such 
studies on clay suspensions. In this communication is presented a new approach to 
the identification and characterization of clay minerals on the basis of their polaro- 
graphic behaviour. 

EXPERIMENTAL 
Ciay minerah 

Rentonite, kaolinite and illite were obtained from the Ward’s Natural Clay Corporation. Modified 
chlorite-like minerals were obtained by the transformation of bentonite by the precipitation of 
hydrous metal oxides [M&OH),, Ni(OH),, Fe(OH),, or Al(OH),I in between the silica sheets of 
montmorillonite units.s The dilute clay suspensions were converted into their hydrogen forms by 
ion-exchange. treatment (Amberlite IR-120), and the particle sixe was controlIed by centrifugation. 

Apparatus 

Toshniwal’s battery-operated manual polarograph type CLO-2 was used with a Pye Scalamp 
galvanometer. Nitrogen was used for deaeration of solutions. The H-type polaropphic cell was 
maintained at 30 f O-01”. 
(open circuit). 

The capillary constant tt~‘~*r~~~ was 2-985; the drop-ume was 3-4 set 
A saturated calomel electrode was used as reference. 

Supporting electrolyte and maxima suppressors 

As clay suspensions are known to coagulate in the presence of either charged or uncharged 
additives,6 the measurements were made without the addition of any supporting electrolyte, focusing 
attention mainly on currents other than the diffusion-controlled onea. Solutions, with 10-%-f con- 

Methyl Red, cationic soap (cetyltrimethylammonium 
acid) or non-ionic soap (lauric acid-diethanol- 

as maxima suppressors. 

Preparation of solutions 

The clay suspension (20 ml) was mixed with the required amount of surfactant and suitably 
diluted. Solutions were kept in well corked Pyrex tubes for 6 hr to attain equilibrium. 
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Pokuqrams were obtained following the usual method.’ Tbe effect of varying the height of the 
mercury column and of adding an extemal resistance was also studied. No anodic waves were found. 

4 
a 

* 
5 t 
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0 -0.2 -0.4 -0.6 -0.6 -1.0 -W -1.4 -1.6 -18 -; 
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-02 -0.4 -96 -0.6 -1.0 -1.2 -1.4 -1.6 -1.6 - 

Potential, V 

(b)--x-Soap 2.5 X lO-‘M ~-.-soap 1o-‘M 
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Potential. V 

41 

(c)Anionic soap-o-25 x 10-“M; -_tlO-‘M c&ionic soap-B-25 X 
lo-5M, -_D-5 x 10-M; -_o-10-m 

Fm. I.-Polarographic reduction waves for (a) kaolin& be&mite and illite, showing 
the e&ct of aging, (b) effect of non-ionic soap on bentonite curves, and (c) effect of ionic 

soap on bmtonite curves. 

RESULTS AND DISCUSSION 

The striking features of the reduction of the various clay minerals at the D.M.E. 
(Fig. la) are (i) the appearance of a well defined polarographic reduction wave with 
El,, at -1.6 V, (ii) the existence of maxima (except in the case of bentonite) at -0.3 
V, and (iii) the absence of any high migration currents even in the absence of any 
supporting electrolyte. 

Nature of the reduction wave 

The polarographic wave with I&,, at -1.6 V could be the hydrogen wave, but 
since the Ella for aluminium also lies near this potential, the possibility of a mixed 
wave cannot be ruled out. The fact that the height of this wave decreases on aging 
of the suspension supports this hypothesis. It appears that on aging, replacement of 
hydrogen ions by ahnninium ions takes place, resulting in the lowering of the diffusion 
current owing to the lower diffusibility of aluminium ions. Since replacement of this 
type is very small in two-layer clay minerals, very little change in the height of this 
wave is observed for kaolinite on aging, Fig. la. 

Distortion and disappearance of such waves on the addition of surfactants 
(except anionic soap) is quite normal. 4 In the case of the anionic soap the height 
of the wave increases since the soap may also release hydrogen ions which can be 
reduced, Figs. lb and lc. 

Nature of the maxima 

Except in the case of bentonite, maxima appear at -0.3 V for all the minerals 
investigated. Though they all appear at the same potential, their behaviour differs 
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from one to the next. Thus for chlorite and illite the maxima remain on aging, 
whereas for kaolinite they disappear. The maxima are almost or entirely suppressed 
by the addition of suppressors (surfactants) in the case of kaolinite and illite, and in 
the latter case, a new wave is formed after the disappearance of the maximum, Fig. 2. 

+i’, 
c I I I I I I I I 

0 -0.2 -0.4 -0.6 -0.6 -1.0 -1.2 -I.4 -1.6 -1.6 -20 

Potential, V 

(a) Cationic soap-@-S X KVM, -A-lo-‘M, anionic soap-O-2.5 x 
10-6M; -.-5 x 10-6M 

Po?en!io’ V 8, 

(b) Non-ionic soap-0-10-4M, -1.5 x lo-‘M; -A-2 x lo-‘M 

FIG. 2.-Effect of soaps on reduction waves for illite. 

With chlorite the behaviour is quite different, the addition of cationic or non-ionic 
surfactants bringing about an increase in the height of the maxima (though not in 
proportion to the amount of surfactant added), Fig. 3. 

On the basis of these considerations and the fact that these maxima are not those 
of ordinary polarographic waves, it may be concluded that they are characteristic 
of the clay minerals, and that their existence depends on the physical state of the 
particles and on the crystal structures and their previous history. Further evidence 
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0 -0.2 -0.4 -0.6 -0-e -10 -I 2 -1.4 -1.6 -1.8 - 0 

Polcntiol , V 

(a) Soap-@-l*5 x 10-M, -A-3 x loJM, -m--5 x KPM; 
-+--10-W; effect of reaisAance-g- 

0 -03 -0.4 -06 -CP8 -10 -1.2 -1.4 -1.6 -18 - 

Potcntioi , V 

0 

(b)soap-x-l.5 x 10-q -@-3 x lo-SW; -.-5 x lO+M, -~-10-W 

FIQ. J.-Effect of (a) non-ionic soaps and resistance, (b) cationic soap on reduction 
waves for magueaium-chlorite. 
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that these maxima do not form a part of the normal diffusion current is that the 
insertion of a high resistance in series with the cell leads to their disappearance, in 
agreement with the earlier observations of BrdZka* who found that prominent 
maxima are strongly suppressed by such an arrangement. 

Origin of the maxima 

When some form of polarographically active substance is adsorbed at the D.M.E. 
two waves are obtained, one for the free form, and the other for the adsorbed form.7 
It seems that in these cases the maxima are due to the adsorption of the clay particles 
on the mercury drops and the second wave is due to the reduction of hydrogen ions 
or ahuninium ions (or both). 

Aging of the sol can bring about agglomeration of the particles, thereby reducing 
their surface-active properties which would subsequently result in lesser adsorption 
of the particles on the D.M.E. Complete disappearance or decrease in the height of 
these maxima on aging could be due to this. 

Addition of surfactants would considerably reduce the adsorption of clay particles 
on the D.M.E. thus reducing the adsorption current, resulting in the disappearance of 
the maxima. That no maximum appears in the presence of anionic soap, even for 
chlorite, suggests that the mercury drop is positively charged, which is quite probable 
if we assume that the hydrogen-clay complex dissociates as follows: 

H-clay -+ H+ + clay- 

The clay anion will now be adsorbed on the mercury drop and with the flow of electrons 
in the inner mercury layer the mercury surface will eventually become positively 
charged. The diffusion of anionic soap will now be very much accelerated towards the 
positively charged mercury surface and the clay anions will get very little opportunity 
to be adsorbed on the mercury drops, so that a maximum will not appear. Moreover, 
since the maximum appears at a less negative potential (-0.3 V) than the electro- 
capillary maximum (-056V) the adsorption of the anions of the soap will be 
further promoted. 

Behaviour of chlorite 

An interesting behaviour is observed with the artificially prepared chlorite mineral 
from bentonite and hydrous metal oxide. Neither bentonite nor the hydrous metal 
oxides show any maxima in their polarograms, and the appearance of a maximum, 

TABLE I.-~LAROGRAPHIC BEHAVIOUR OF SUSPENSIONS OF CLAY MMERALS 

Effect on the maximum of 

Mineral Maximum, 
V addition of 

Ekntonite 
Kaolinite 
Illite 

Chlorite 

r 

none 
-0.3 
-0.3 

-0.3 

surfactant 

- 
vanishes 
vanishes, but 

wave appears 
iocreases 

aging 

- 
vanishes 
persists 

persists 

All minerals have a wave at - 1.6 V; height increased by the addition of anionic 
soap; decreased by the addition of other surfactants; decreased by aging. 
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accompanied by an increase in its height on the addition of maximum suppressors 
conGrms the transformation of the bentonite structure. It is also possible that 
surfactants, instead of checking the adsorption of clay minerals, are adsorbed on the 
clay particles themselves and are subsequently reduced, resulting in an enhancement of 
the current. 

From this work, it seems that polarographic reduction of clay minerals might be 
usefully employed for their identification. The results are summarized in Table I. 

Zusammenfassrmg-Suspensionen der Tomnineralien Bentonit, Kao- 
lit, Illit und Chlorit wurden polarographisch untersucht, und es 
wurden Reduktionswellen gefunden. Die Unterschiede im Verhalten 
mit und ohne Zusatx oberflachenaktiver Reagentien werden mitgeteilt. 

RbsnmLOn a examine polarographiquement des suspensions des 
minerais argileux bentonite, kaolinite, illite et chlorite, et on a trouve 
des vagues de reduction. On d&r-it lea dilWences darts leur com- 
portement, avec et sans l’addition de r&a&ifs tensioactifs. 
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WITH TETRAPHENYLARSONIUM CHLORIDE, 
NITRON AND FERROIN 

VERNON S. ARCHER and RONALD B. TWELVES* 

Departmat of Chemistry, University of Wyoming, 
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Summary-Two methods are described for the gravimetric determina- 
tion of the hexafluoroantimonate anion with tetraphenylarsonium 
chloride and nitron as precipitants. In addition, a spectrophotometric 
method for this anion with ferroin as reagent is described. Hydrolysis 
of the anion is avoided by using stock solutions of KSbF, in N,N- 
dimethylfo rmamide and adding these directly to concentrated aqueous 
solutions of the analytical reagent. Interference studies are included on 
a number of anions. 

HEXAFLUOROANTIMONATE is one fluoride complex anion for which, heretofore, there 
were no direct analytical methods. This is due, in large part, to the instability of the 
anion with respect to hydrolysis. Lange and Askitopoulosl found that this anion was 
much more easily hydrolysed than the other hexafluoride anions of Group VA. They 
postulated a stepwise hydrolysis proceeding through ions of the type SbF,,(OH),. 
With a paper chromatographic technique with antimony-124 as tracer, Kolditz and 
Sarrach* were able to identify ions of this type for which n = l-4. They reported 
that the SbF,OH- ion was the principal anionic species present in aqueous KSbFs 
solutions and that the SbF,- ion was present only if the solvent was 40% hydro- 
fluoric acid. Maze&a and Neumann* followed the extent of hydrolysis by titration 
of the fluoride ion produced. They stated that the first step of hydrolysis, resulting in 
loss of the f%st fluoride ion, took place very rapidly, at some time between dissolution 
of the hexafhroroantimonate salt and before the first aliquot could be determined. 

Although the hexafluoroantimonate ion differs greatly in hydrolytic stability from 
the hexafluoroarsenate and hexafluorophosphate anions, Lange and Askitopoulosl 
found that the sparingly soluble salts of the latter two corresponded to sparingly 
soluble salts of the former anion. They did note, however, that the molar solubilities 
of corresponding salts increased as the atomic weight of the central atom in the 
complex increased. Lange and MiillerP reported that nitron (4,5-dihydro-1,4- 
diphenyl-3,5-phenylimino-1,2,4-triazole) acetate solutions produced precipitates 
suitable for gravimetric determinations with the Group VA hexafluoride anions, but 
these investigators did not carry out the development of systematic analytical methods 
using this reagent. Tetraphenylarsonium chloride was later found to form insoluble 
precipitates with both hexafluoroarsenate and hexafluorophosphate. Desd described 
a gravimetric method for the hexafluoroarsenate ion with this reagent. He also 

+ Present address Ozark-Mahoning Company, 1870 South Boulder, Tulsa, Oklahoma, U.S.A. 
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mentioned using nitron as a reagent for this anion, but indicated that the tetra- 
phenylarsonium salt had more desirable physical properties as a gravimetric pre- 
cipitate. In 1963, AtIsprung and Archer developed both a gravimetri8 and an 
amperometric titration method’ for the hexafluorophosphate ion, using tetraphenyl- 
arsonium chloride as a precipitant. 

Because the other two Group VA hexafluoride complexes mentioned gave 
analytically useful precipitates with both nitron and tetraphenylarsonium chloride, it 
was decided to attempt the development of two distinct gravimetric methods for the 
hexafluoroantimonate ion, using these reagents. The two gravimetric methods 
would then provide a check upon each other. The work described in this paper shows 
that pure precipitates are obtained and that the two methods give quite comparable 
results. 

In addition to the development of these gravimetric methods, a spectrophoto- 
metric method was developed with ferroin [iron 1 ,lO-phenanthroline sulphate] as 
reagent. Ferroin has been used previously as a spectrophotometric reagent for the 
hexafluorophosphate* and hexatIuoroarsenatea anions. It was found that these anions 
were extracted as the iron(I1) l,lO-phenanthroline salt into n-butyronitrile, while 
many other salts of this cation were not extracted. It was found that the hexafluoro- 
antimonate salt of this complex cation was also strongly extracted into n-butyronitrile, 
which facilitated the development of a quite convenient spectrophotometric method 
for this fluoride complex. 

EXPERIMENTAL 
Reagents 

Tetraphenylarsonium chloride, O*lOM aqueous solution. Filter to remove impurities. 
Nitron acetate solutions, 10% nitron in 10% acetic acid. Prepare just before use in each deter- 

lll&tiOIl. 
Potassium hexa+roantimonate solutions. Dissolve a 3-5 g sample of high purity* in 100 ml of 

spectral grade DMF (N,N-dimethylformamide) which has been dried over molecular sieves for at least 
24 hr. 

Ferroin, 0.OlM. Prepared from iron(R) sulphate and l,lO-phenanthroline. 
Tetraphenyiarsonium chloride. G. F. Smith Chemical Co. 
Nitron. Eastman Organic Chemicals. 

Procedures 

Gravfmetric nitron method. A 3-ml aliquot of solution contain@ from O*lOOO to O-1500 g of 
KSbF, in DMF is added to a solution containing 5 ml of 10% nitron acetate and 50 ml of 10% acetic 
acid. This order of addition must be strictly followed to prevent hydrolysis of SbF,-. The pre- 
cipitate is allowed to stand for 15 min at room temperature in contact with the mother liquor. If 
longer standing times are used, the solutions should be cooled in an ice bath. The precipitate is 
filtered off on a tared medium-porosity sintered-glass crucible and washed with three or more lO-ml 
portions of 10% acetic acid solution saturated with nitron hexafluoroantimonate. 
dried to constant weight at 110” and weighed as C10Hz6NNIHSbF,. 

The precipitate is 

Gravimetric tetraphenylarsonium chloride method. A l-3 ml aliquot of solution containing 0*0500 
to O*lOOO g of KSbF, in DMF is added to a solution containing a two-fold molar excess of 0*10&f 
tetraphenylarsonium chloride, followed by addition of 20-40 ml of 5-SM aqueous ammonia. It is 
important to keep the water to DMF ratio relatively constant at this point. DMF to water ratios 
of 1: 15 and 1:25 v/v were both found to give good results. Again the given order of addition should 
be carefully followed. The precipitate is allowed to stand at room temperature for 15-60 min or 
until flocculated. If longer standing times are required, the solutions should be cooled in an ice-bath 
to prevent hydrolysis. The precipitate is filtered off on a tared medium-porosity sintered-glass 
crucible and washed with two or three 25-ml portions of 0*03M aqueous ammonia. 
then dried to constant weight at 110” and weighed as (C,HJ,AsSbF,. 

The precipitate is 

* Our samples were donated by the Ozark Mahoning Co., Tulsa, Oklahoma. 
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Spectrophotometric method. Add 1 ml of ferroin, 4 ml of water and 5 ml of n-butyronitrile to a 
15ml glass-stoppered centrifuge tube. To this mixture add l-000 ml of DMF containing from 2 x 
lO-• to 7 x lo-’ mmole of KSbF,. Shake for 30 see and centrifuge for 2 mm to separate the less 
dense n-but~onitrile layer from the aqueous layer. Take a l-ml aliquot of the organic layer and 
dilute to volume with n-butyronitrile in a 5-ml volumetric llask. Measure the transmittance of the 
last solution against pure n-butyronitrile at 506 w with a O*lO-mm slitwidth, within 10-15 min after 
beginning the extraction. 

Development of thegraoimetric met/w& 

So~~if~ty study. Affsprung and Archefl found the spectra of te~p~~~~~ chloride and 
te~ph~y~~~ ~~~uorophosp~te to be the same in aqueous solution between 200 and 300 
q. They utilized an absorption shoulder at 220~ with a molar absorptivity of 35.7 x l(Y 
1 mole-l cm-* (standard deviation of 0.22 x 10” I mole-’ cm-3 in order to determine the molar 
solubility of the tetraphenylarsonium hexatluorophosphate precipitate. The spectra, in aqueous 
solution, of tetraphenylarsonium chloride and tetraphenylarsonium hexatluoroantimonate were also 
found to be identical in this region. However, this spectrophotometric technique could not be used 
for determination of the solubility of the hexafluoroanthnonate salt in water-DMF mixturea because 
of ultraviolet absorption by DMF. Therefore, the ~lubility of ~~ph~yl~ni~ hexatluoro- 
antimonate was determined in distilled water by the following technique. Saturated water solutions 
were prepared from freshly precipitated (~H&AsSbF, and equilibrated by frequent shaking for 
1-2 hr at 25”. The absorbance of the solutions was then measured at 220 rnp and the mean con- 
centration was found to be 2.4 x lo-% 

Lange and Askitopoulosl found that the solubility of nitron hexatluoroantimonate in water was 
6 x lo-‘M. This is too soluble a precipitate to be used in a normal, straightforward gravimetric 
procedure; however, it was assumed that if the wash solution was first saturated with the precipitate, 
very little precipitate would be lost in the washing open&on and that the analytical results obtained 
would be meanmnful. 

Precipitate c&position. Since Kolditx and Sarrachs had indicated that nitron pentafluoromono- 
hydroxoantimonate0 dihvdrate was nrecidtated from aoueous KSCF. solutions. a tzreat amount of 
&dence was necessary in order to p&e that the precipi&es obtained-were actually‘?he hexafluoro- 
antimonate salts. Therefore both the tetraphenylarsonium hexafluoroantimonate and the nitron 
hexafluoroantimonate precipitates were subjected to elemental analysis to contlrm their compositions. 
In addition, the ~~uo~rno~hy~xo~~o~te~ salts of both nitron and the tetraphenyl- 
arsonium ion were prepared, and their inframd spectra were compared with those of the precipitates 
obtained in the gravimetric analyses. 

Nitron pentaliuoromonohydroxoantimonate(V) and tetraphenylamonhrm pentiuoromono- 
hydroxoantimonate0 were prepared by dissolving a few grams of KSbF, in water and allowing the 
solution to stand for 15 min before luring it into either a 10% nitron acetate solution or a OlOM 
t=?raphenylarsonium chloride solutron. The compounds precipitated readily with apparently good 
yreld; however, the te~ph~y~ni~ compound seemed to red&solve rapidly. The nitron salt 
was tiltered off and vigorously washed with 10 % acetic acid, after which part of it was air-dried and 
part of it was dried overnight at 130”. The tetraphenyIarsonium compound was filtered off, washed 
with 5 ml of 0*03M aqueous ammonia and dried overnight at 130”. 

Inframd spectra were taken of nitron, tetra 
precipitates [C&,H,,N,HSbF, and (C,H&AsSbF, P 

henylarsonium chloride, KSbF,, the gmvhnetric 

of the precipitates. 
, and the corresponding monohydroxy compounds 

The infrared spectra were scxmned over the region from 4WO cm-l to 250 cm-1 
with a Reckman IR-10 spectrophotometer. 
on cae&m bromide plates. 

The compounds were prepared as mulls in Nujoi and run 

Znterfercncc study 08 t~~#i~tri~ me&oak 
tetraphenylarsonium chloride will interfere. 

Any anion which forms a precipitate with nitron or 
Typical anions of this type are permanganate, per&mate, 

perchlorate, bromide, iodide, difluorophosphate, hexafluorophosphate, and hexatluoroarsenate. The 
most likely contaminating anions occurring in hexafluoroantimonate salts are the hydrolysis products: 
anions of the type SbF,,(OH),,-, and fluoride. 

Alkali metal salts of fluoride were found to have a relatively low solubiity in DMF. The solubility 
of potassium fluoride was de&mined in DMF by a direct gravimetric method and found to be O-16 
mgfml. In addition, qualitative tests on sodium fluoride indicated a very low ~iubili~ in DMF. 
Therefore, regardless of the amount of potassium fluoride in a sample, very little would be tra&ermd 
to the aqueous solution during the precipitation. Fluoride interference checks were made on both 
gravimetric methods, using DMF solutions of potassium hexaftuoroantimonate saturated with 
potassium fluoride. 

Any interference due to precipitation of the hydrolysis products in the aqueous ammonia-DMF 
precipitation medium is felt to be negligible or non-existent. Ten ml of an aqueous solution coma.ining 
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about 3 millimoles of RSbF, were added to 5 ml of concentrated aqueous ammonia. Six ml of 0*09M 
tetrap~ylarsonium chloride were added immediately and no precipitate formed. This would seem 
to indicate that in SM aqueous ammonia the hydrolysis is so complete that no anionic species are 
present which form insoluble salts with tetraphenylarsonium ion. Thin fast hydrolysis is the principal 
reason for the addition of RSbF, solution in DMF directly to the precipitating reagent. 

Development of the spectrophotometric method 

pH Study. The effect of the pH of the aqueous solution on the method was studied, using several 
buffer solutions in the pH range 2.2-10.6. The pH of the solutions was measured on a Beckman 
Model 72 pH meter. The studies were made by taking 4 ml of the buffer solution, 1 ml of ferroin, 
and 5 ml of n-butyronitrile. One ml of l-267 x 10~*M RSbF, in DMF was added, after which the 
extraction was rformed and transmittance measurements were made as usual. 

Anion fnte Je erence studies. A series of anions was checked for possible interference in the following 
manner: 1 ml of a @2M solution of a sodium, potassium or ammonium salt of the anion was added 
to 3 ml of water, 1 ml of ferroin, and 5 ml of n-butyronitrile, after which 1 ml of a solution of ICSbF, 
in DMF was added. The usual procedure was then followed. 

Several common salts were checked for interference at a series of higher concentrations. The 
salts checked were NH&l, NaCI. NH&HIOI, NaC,H,O,, Na$O,, and RF. 

Stubility studies on extracts. Extractions were made on a series of RSbF, solutions in DMF in the 
usual manner. The absorbances of the extracts were then measured as a function of time over a 
20&r period. 

RESULTS, DISCUSSION, AND CONCLUSIONS 

The analytical results obtained on the KSbF, sample by both the tetraphenyl- 
arsonium chloride method and the nitron method were quite comparable and reason- 
ably precise. Thirty-seven determinations were made by the nitron method. The 
mean KSbF, found by this method was 100.08 % with a standard deviation of 044 %. 
Fifty-six determinations were made by the tetraphenylarsonium chloride method. The 
mean KSbF, found was 100.45 % with a standard deviation of 0.54 %. 

The precipitates were quite pure and corresponded quite closely to the expected 
elemental cqmposition as is shown in Table I. The infrared spectra showed con- 

TABLE I.-E-~AL ANALYSIS OF THE GRAVIMETRIC PRE~~TATES 

C H F N As Sb 

(GH&AsSbF~ Theoretical, % 46.56 3.26 18.41 - 12.08 19.67 
Experimental, % 46.4 3.4 185 - 123 19.6 

C,,,H,,N,HSbF, Theoretical, % 43.74 3.12 20.76 10.20 - 22.17 
Experimental, % 43.8 3.2 20.9 IO.0 - 21.9 

elusively that the gravimetric precipitates were not the hydroxylated fluoroantimonates. 
The pentafluoromonohydroxoantimonate(V) salt of nitron showed a strong absorp- 
tion at 3516 cm-l due to the attached OH group. It is interesting to note that the 
air-dried salt showed the same infrared spectrum as that of the salt dried at 130”. 
This would seem to indicate that the salt reported as the dihydrate by Kolditz and 
Sarrach* was probably anhydrous nitron pentafluoromonohydroxoantimonate(V). 
The only other conclusion possible is that the water of hydration is lost under very 
mild drying conditions indeed. The O-H frequency quoted above corresponds 
quite closely to the O-H mode reported at 3520 cm-l for this salt by Kolditz and 
Wendt.lO The nitron hexafluoroantimonate precipitate obtained from the deter- 
minations did not show this peak or any other modes which would indicate the 
presence of OH groups or water of hydration. The tetraphenylarsonium pentafluoro- 
monohydroxoantimonate(V) salt showed an O-H mode at 3614 cm-l, which was 



Gravimetric and spectrophotometric determination of huafluoroantimonate 51 

not present in the infrared spectrum of the tetraphenylarsonium hexafluoroantimonate 
precipitate. No bands appeared in the infrared spectrum of the tetraphenylarsonium 
hexafluoroantimonate precipitate which could be attributed to O-H modes. 

Certain aspects of the infrared spectra obtained for the various fluoroantimonate 
salts are worthy of mention at this point. All of the compounds containing the SbF,- 
ion have two very strong absorption bands: one in the region 651-642 cm-l and 
another in the region 273-268 cm- l. These bands have been tentatively assigned as 
v3 and lr4, respectively, for Sb-F in these compounds. These assignments are based on 
an octahedral model and other group theoretical considerations. According to 
Peacock and Sharp,li y3 for the SbF,- ion occurs at 660 cm-l. Kolditx and Wendtls 
reported slightly higher values for this mode for various alkali metal hexafluoroanti- 
monates. They also noted that v3 for these salts decreased with increasing size of the 
cation. Values obtained by Olah et uZ.le*ls would seem to place the frequency for this 
mode between 665 cm-l and 650 cm-l. The values reported in Table II are in line 

TABLEE-INFRARED DATA ON SEVERAL FLUOROA~ONA~ SALTS 

Compound 
V, Sb-F 

Frequency, cm1 
v, Sb-F vO-H 

KSbF, 648~s; b 268 vs; sh 
(C,H,),AsSbF, 651 vs; sh 272 vs; sh 
C&LN,HSbF, 642vs; sh 273~s; sh 
(C1HUsSbF,GH 627~s; b 274~s; b 
CId-W’J,~bFsOH 614~s; b 271 vs; b 

vs = very strong, s = strong, sh = sharp, b = broad 

3614s; b 
3516s; b 

with these previously reported data. It is interesting to note that y3 for the mono- 
hydroxy analogues of the hexafluoroantimonate salts appears at significantly lower 
frequencies than v3 for the hexafluoroantimonates, as was reported previously by 
Kolditx and Wendt.lO 

Fluoride was found not to interfere with either gravimetric method, as is indicated 
by the data in Table III. 

TABLE III.-FLWRIDE INTERpERENCECHECKONGRAVlMElRl cMETHoDs* 

KsbF,, g Precipitate,g ICSbF,, % Mean, % Std. devn. % 

Tetraphenylarsonium 0.1349 0.3054 
chloride method 0.1349 o-3049 

o-1349 o-3047 
o-1349 O-3034 
0.1349 O-3023 

Nitron method o-1349 0.2653 
0.1349 02663 
o-1349 O-2635 
o-1349 0.2656 
0.1349 O-2651 

l All KSbF, solutions in DMF saturated with KF. 

100.5 100-l 0.4 
100.3 
100.3 
99.9 
99.5 

100-I 100-O O-4 
100-4 
99.4 

loo-2 
100-O 

The spectrophotometric method gives good Beer’s law plots over a wide range 
of KSbF, concentrations. Based on a least squares analysis of the data, the slope of 
the calibration line was found to be 240 mmole-l cm-l with a standard deviation of 
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l-05 mmole-l cm-‘. The extracts decolorized rapidly (see Table IV), which neces- 
sitated a very rapid extraction and measurement of extract transmittance. This rapid 
decolorization made an exhaustive extraction impractical, since this procedure 
required too long a period of time. 

Variations in pH between 2-2 and 8-7 did not affect the absorbance of the extracts, 
but in solutions more alkaline than this the absorbance of the extracts decreased 
rapidly with increasing pH. This is probably caused by the increasing rate of hydrolysis 
of the hexafluoroantimonate anion due to basic catalysis. 

Results from the anion interference studies on the spectrophotometric method are 
shown in Table V. Most common anions did not interfere significantly at the O-20 

TAJJLE IV.-AWORBANCES OBTAINED FOR INITL+L EXTRACTION 
ANDSTAB~STIJDYONFERROINEXTRACTS 

KsbF,, 
pmole 

0.2534 
05067 
0.7601 
1.013 
1.267 
1.520 
1.774 
2027 
2280 
2.534 
3.800 
5.067 
6.334 

Ohr 

0.056 
0.115 
0.178 
0.229 
0.294 
0.354 
0.420 
0.469 
0.541 
0.597 
0.925 
I.208 
I.509 

2hr 

O-029 
O-089 
0.155 
0.208 
0.267 
0.344 
0.396 
0446 
0.521 
0.572 
0900 
1.174 
1.469 

Absorbance 
4hr 

0.011 
0.069 
0.138 
0.190 
0.244 
0.326 
0.374 
O-420 
0.500 
0.550 
0.870 
1.131 
1.398 

8 hr 

O-001 
0.053 
0.130 
0.181 
0.227 
0.314 
0.356 
0.392 
0.488 
0.535 
0.851 
l-097 
1.377 

2ohr 

O*OOO 
0.032 
0.120 
0.173 
0.211 
0.309 
0.341 
0.367 
0.462 
0.523 
0.839 
l-086 
1.347 

TABLEV.-ANION INTERFERENCE STUDIES ON THE 
SPECIROPHOTOMElltIC METHOD 

salt 

NHIGHIOP 
NH&l 
I’JH,NG 
KaCrO, 

Degree of interference 

Slight negative 
None 
Strong positive 
None 

~Fe(6Nh 
KF 

Moderate negative 
None 

WO, None 
KNOt 
KSCN 

Moderate positive 
Very strong positive 

Na,HBO, None 
NaBOz Slight positive 
NaBr Strong positive 
Na,CO, 
NapGO, 

Slight positive 
None 

NazHJOI 
Na,PO, 

Strong negative 

NasHPOd 
Moderate negative 

NaHIP04 
Slight positive 
None 

Na,PO,F None 
NatSO, 
Na,SO, 

Slight negative 

NaKGH.0, 
Moderate positive 
None 
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mmole level. Figure 1 shows the effect of increasing concentrations of various common 
salts on the extraction method. 

In all three of the analytical methods described in this paper the working solutions 
of KSbF, were prepared in anhydrous DMF. It was found that these solutions were 
stable for months when care was taken to exclude water. It was possible in all three 

0.70 

r 

L 

L I I I I 

0 I.0 2.0 30 49 
mmoles 

FIG. I.-Effect of several salts on the spectrophotometric method. 
a. KF d. NaCl 
b. CH,COONa c. NH,Cl 
c. CH&OONH, J Na,SO, 

cases to develop convenient analytical methods for an anion which is quite hydro- 
lytically unstable, by merely adding a measured volume of the DMF solution to a 
large excess of the analytical reagent in aqueous medium. Thus an anion which can 
exist for only very short periods of time in aqueous solution can be quite easily 
determined merely by use of a certain specific order of addition of reagents. 

Zwammeafassung-Zwei Methoden zur gravhnetrischen Bestimmung 
des Hexafluoroan?iona&Anions mit Tetrgphenylarsoniumchlorid una 
Nitron als FHllungsmitteln werden beachrieben. Zus%tzlich wird tine 
spektrophotomet&che Methode fiir dieses Anion mit Ferroin als 
Reagens beschrieben. Die Hydrolyse des Anions wird vermieden durch 
Verwendung von Stamml&mgen van KSbFI in N,N-Dimethyl- 
formamid und direkte Zugabe zu konzentrierten w%&Qen Lijsungen 
des analytischen Reagens. Stbrungsuntersuchungen iiber eine Anzahl 
von Anionen sind angeftigt. 

R&mn&On d&it deux m&hodes pour It dosage gravim&rique de 
l’anion hexafiuoroantimoniate par le cblorure de tCtraph&ylarsonium 
et le nitron comme agents pr6cipitants. En outre, on deait une 
m&hode spectrophotomtique pour cet anion avec la ferroine comme 
r&actif. On &he l’hydrolyse de l’anion par l’emploi de solutions-stock 
de KSbF, en N,Ndim&hylformamide et en ajoutant celles-ci 
directement ii des solutions aqueuses concentr&s du r-if analytique. 
On pr&ente des etudes sur l’interfbrence d’un certain nombre d’anions. 
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Summary--Potassium peroxydisulphate-alkali halide systems have been 
studied by d.c. and a.c. (sine wave) polarography. When the mercury 
drop of the mercury electrode becomes covered by a film of adsorbed 
bromide or iodide ions, a peak due to peroxydisulphate ion is found in 
the a.c. polarogram at a potential more negative than that of the halide 
peak. This peak is probably due to a product of a chemical reaction 
between the peroxydisulphate ion and halide ion close to the surface of 
the DME. The determination of the peroxydisulphate ion by a.c. 
polarography is described. 

IT HAS been found that the half-wave potential of the peroxydisulphate electroreduc- 
tion is shifted to the negative side of the anodic halide wave as soon as the mercury 
drop is covered by a film of halide ion+2 or a film of copper(I) chloride.s Halide ions 
have also been found to produce peaks in a.c. polarography.P-7 As an overpotential 
usually causes a system to become less reversible,* it was of interest to find out whether 
the presence of peroxydisulphate in a halide-containing solution is detected in the a.c. 
polarogram of the halide ion. 

Reagents 
EXPERIMENTAL 

Acetic, perchloric and sulphuric acids, potassium sulphate, potassium hydrogen sulphate, sodium 
acetate and sodium chloride were guaranteed reagents and sodium iodide an extra pure reagent from 
E. Merck AG. Sodium bromide was an “‘Analyzed” reagent from J. T. Baker Chemical Company 
and sodium perchlorate a B.D.H. laboratory reagent, which was recrystalli from water. A 
potassium peroxydisulphate solution was prepared daily from the guaranteed reagent from E. 
Merck AG. 

Polarographic method 

The polarograms were recorded by the rapid method with a Metrohm E261R Pohuograph 
connected to a Metrohm E393AGModulator. The 8.c. pohuograms were recorded with an a.c. 
amplitude of 10 mV r.m.s. The height of the mercury head was 60 cm and the characteristics of the 
DME in an oxygen-free potassium hydrogen sulphate (0*4M)-sulphuric acid (OmlM) solution with an 
open circuit were flow-rate m = 2.43 mg/sec and drop-time t = 0.16 sec. Unless otherwise mentioned, 
the solutions investigated were 0.4M in potassium hydrogen sulphate and O.lM in sulphuric acid, and 
the temperature was 25”. The solutions were dbaerated with nitrogen for 15 min for the d.c. polaro- 
grams, but not for the B.C. polarograms. The reference electrode was an Ag/AgCl/saturated KC1 
electrode which was connected by a sodium nitrate agar-agar bridge to the polarographic vessel; a 
tungsten electrode manufactured by Metrohm AG was employed as an auxiliary electrode. 

KineGc runs 

Solutions 4 x lOwaM in potassium peroxydisulphate and 8 x IO-*M in sodium iodide the ionic 
strength (Z) of which was adjusted with sodium chloride, were held at 30”. Aliquots (10 ml) of the 
solutions were taken at intervals and added to 2-ml aliquots of a sulphuric acid (O*lMtpotassium 
hydrogen sulphate (0.4M) solution, and the 8.c. polarograms were recorded at 20”. 

55 
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RESULTS AND DISCUSSION 
Currents 

When the mercury drop has become covered by a chloride film (ccl?* > c,, 
where c repre~n~~n~nt~tion),~ increase in current is observed at potentials on the 
negative side of the anodic chloride wave in d.c. poIarography when peroxydisulphate 
ions are present.* When an a.c. polarogram is recorded, no peak attributable to 
pezoxydisutphate ion is observed. The effect of ~roxy~sulp~~ on the d-c. and a.c. 
pofarograms of the bromide ion and iodide ion is shown by the curves in Figs. 1 and 2, 

a 
a _ 
x 

S- 

‘o- 

-10 - 

Go- 

L 
0’ 

I 1 I 
P 0.2 0 -0.2 

v, v.s.SCE 

a 
i 

Y 

l%. l.-Polarograms (d.c. and a.cJ of 4.17 x lo-%f bromide solution (dashed line), 
and a solution 4.17 x 10-*&f in bromide and 1.25 x lo-*M in peroxydisulphate 

(solid line). 

FIG. 2.-Polarograms (d.c. and a&.) of 4.17 X 11)-*M iodide solution (dashed lime), and 
a solution 4.17 x lo-*M in iodide and 1.25 x 10~*M in peroxydisulphate (solid line). 
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respectively. In both systems the mercury drop becomes covered by a halide film. 
The polarograms reveal that when the peroxydisulphate ion concentration is increased 
the a.c. peak due to the bromide ion at the more negative potential increases in height, 
and in the a.c. 5*7 polarograms of the iodide ion a new peak rises at a potential more 
negative than the potentials of the iodide peaks. When iodide ion is present, the a.c. 
current does not fall to the base-current level immediately after this peroxydisulphate 
peak, but only after the potential is shifted to a value about 0.3 V more negative. 
This same broad peak is produced also when only peroxydisulphate ion is present 
in the solution and has been observed previously in a.c. polarograms of the iodide 
ion.’ This wave may be due to adsorption of the ions on the mercury surface at 
potentials more positive than the zero charge potential. 

In d.c. polarography the magnitude of the limiting current due to the peroxy- 
disulphate ion on the negative side of the halide wave is nearly independent of the 
halide ion in solution, although a slight variation is noted. In contrast, the height of 
the peak in a.c. polarography depends on the halide ion present. 

The height of the a.c. peak (hi,) caused by peroxydisulphate ion in the presence of 
bromide ion increases at first with the concentration of the latter ion, but then remains 
constant (Table I). At high bromide ion concentrations, i.e., when the bromide ion 

TABLE I.-THE EFFECT OF WIDE ION CONCENTRATION ON THE 
HEIGHT OP THE PEROXYDISULPHATE PEAK 

L%w--1 1X-l 
KPM 10-aM Br- 

&, PA 
I- 

1.25 
1.25 

::ZZ 
1.25 
1.25 
1.25 
1.25 
4.17 
4.17 
4.17 
4.17 

0.833 
1.25 
1.67 
2.5 
3.33 
4.17 
8.33 

20.8 
1.67 
417 
8.33 

12.5 

0.7 

::g4 
1.5 
- 

1.5 

::‘2 
4.1 
52 
4.9 
4.4 

- 
0.6 
068 
0.80 
0.78 
0.80 
0.76 
- 

2: 
- 
- 

concentration is higher than can be determined by polarography ([Br] > 8 x 10_8M), 
the peak produced by the peroxydisulphate ion decreases in height. A similar varia- 
tion of the peak height is observed in the presence of iodide ion. 

The effects of the peroxydisulphate ion concentration and the temperature are 
shown in Fig. 3 and Table II. The acidities of concentrated electrolyte solutions and 
small concentration changes do not essentially alter the a.c. polarography of peroxy- 
disulphate ion in the presence of bromide ion (Table III). Only when the concentra- 
tion of the supporting electrolyte is reduced considerably does the height of the peak 
due to peroxydisulphate diminish. At the same time the peak of the bromide ion at 
the more negative potential increases in height as a consequence of an increase in the 
capacitance of the double layer surrounding the electrode drop, brought about by 
increased interaction of the bromide ion with the mercury surface [cj refs. 5 (p. 141) 
and 61. 
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FIG. 3.-The effect of peroxydisulphate concentration on the B.C. peak height. Conceit 
trabon of halide 4.17 x 1oJM; o-Br-; +I-. 

TABLE II.--~ROXYD~JL~HATB CuRReNTs AT VARIOUS 
TEMpmTuRm 

Temperature, iumr Ai., 
“C CA PA 

8:: 
4.5 - 

;:; 
048 

;: 
- 

z: 
7; ;:; 
7.7 

37 
9; 

1; 

;: 
2.3 

- 2.9 

[S,O,~-] = 1.25 x lo-aw, [Br-] = 4.17 x 10-aM. 

TABLE III.-THE HEIGHT OF THE PEROKVDISULPHATE (1.25 x 10-aM) 
PEAK IN THE PRESENCE OF BROhlIDE ION (4.17 X 1ohf)ANLl DIPPEREm 

SUPPORTING ELXTROLYTFS 

Supporting electrolyte Ai., PA 

@42.&f HCIO, 
OaO833M HClO, + 0*337M NaCIO, 
0*42&f NaCIO, 
0.0833lU NaCIO, 
0*42M K,SO, 
0*0833M KISO, 

1.4 
1.35 
1.25 
0.7 

;:; 

The width of the a.c. peak at half-height cannot be measured when the peroxydi- 
sulphate ion concentration is low. When the halide ion concentration is 4.17 x lO-sM 
and the peroxydisulphate ion concentrations are 4.17, 8.33 and 125 x lo_SM, the 
widths of the peak are 75,85 and 110 mV, respectively, when the halide is bromide and 
170, 180 and 200 mV, respectively, when the ion is iodide. 

In d.c. polarography the current caused by the peroxydisulphate ion is a diffusion 
current. In a.c. polarography the peak attributable to the peroxydisulphate ion is 
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found in the presence of bromide or iodide ion, but not in the presence of chloride 
ion. Thus, the diffusion of the peroxydisulphate ion cannot be the only reason for the 
a.c. peak nor can it be due to adsorption or desorption. The data suggest that a reac- 
tion takes place between halide and peroxydisulphate ions in the immediate vicinity 
of the mercury drop and that the peak in a.c. polarography is due to an electrochemical 
reaction of the product of this reaction. Peroxydisulphate ion reacts much more 
slowly with bromide than with iodide ion in water,B but the peak due to peroxydi- 
sulphate is much higher in the presence of bromide ions than in the presence of 
iodide ions. It should, however, be remembered that the a.c. peaks of bromide ion 
are higher than those of iodide ion, and that the supposed reaction is taking place at 
the surface of the mercury drop and thus may be catalysed by mercury. The observed 
decrease in peak height with increasing halide ion concentration is due to increased 
interaction of the halide ions and mercury and a consequent small overpotential, which 
also leads to a slight decrease in the a values in d.c. polarography. 

Determination of peroxydisulphate 

We can see (Table I and Fig. 3) that the height of the a.c. peak (hi,) depends 
mainly on the peroxydisulphate ion concentration. The peak height is also affected 
by the concentration and nature of the supporting electrolyte and above all by the 
halide ion concentration (Table III). Thus in the determination of peroxydisulphate 
ion the halide ion concentration must lie between about 2 and 10 x 10-sM. 

Several experiments were performed to check the determination of peroxydisul- 
phate ion in the presence of bromide ion. The results of these experiments are shown in 
Table IV. 

TABLE IV.-THE D ETERMINATION OF POTASSIUM PRRoxYDxsuLPHATB IN 
PRESENCE OF PDTA!BlIJM BROMIDE 

GiBr 
10-N 

1.5 
1.5 

::: 
3.3 
3.3 
8.0 

t:; 

CK,e.,O~, 10-M 
Taken Found 

1.35 ;:g 
5.8 

12.0 
;:; 

11.7 1.52 
1EJ 

12.0 

;:; ;:; 
12.0 11.8 

In order to illustrate the determination in the presence of iodide ion, it has been 
employed in a study of the kinetics of the reaction between peroxydisulphate and 
iodide ions 

s*oss- + 21- = 2so,8- + Is. 

As the solution contains iodine after the reaction has begun, the a.c. polarogram is 
more complicated than without iodine present and the residual current (the peak 
height with iodine but without peroxydisulphate present) has to be subtracted from 
the observed peroxydisulphate peak to obtain the true peroxydisulphate peak height. 
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TABLE V.-Tna KMETICS OF THB PEaOxvoIsuLPHATE*-IODINEt RPAcI-IoN 

Time, Peroxydisulphate peak k, 
s/I min height, pA 10-Y mole-lsec-’ 

0.14 0 0.725 
48 067 3T6 

119 0.605 174 0575 3:: 

277 0.505 
421 044 ;:; 

645 0.355 3.3 
0.20 0 0.81 

1: 0.735 064 4; 4.8 
170 0605 4.2 
273 0.53 4.0 
417 044 4.2 
641 0.375 3.8 

040 0 0.945 
2; 0.88 0.805 6;7 

130 0,665 ;:; 

200 0.58 6.8 
310 0.48 6.5 
420 0.42 6.2 
540 0.375 5.9 

l Initial concentration 4.0 x lO-*M. 
t Initial concentration 8.0 x 10-*&f. 

The values found are shown in Table V. The values of the rate coefficient were com- 
puted from the second-order rate equation 

k_ 1 A&,--i, 

- %t hi, 

where k is the rate coefficient, a the initial peroxydisulphate concentration, t the 
reaction time in set, and Ai,, and Ai, the peak heights at times 0 and t. (As the rate 
coefficient depends on the ionic strength, as seen in Table V, and is affected by the 
tri-iodide formation, the mean values of k are not given.) The calculated values of the 
rate coefficient are in good agreement with those found previously.l” 
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R&mmMn a etudie les systemes peroxydisulfate de potassium- 
halo&nure alcalin par polarographie en courant continu et courant 
altematif (onde sinusoidale). Quand la goutte de mercure de l’electrode 
de mercure se trouve enrob& dans un film d’ions bromure ou iodure 
adsorb&s, on trouve un pit dQ a l’ion peroxydisulfate dans le polaro- 
gramme en courant alternatif a un potential plus ntgatif que celui pit 
de l’halog6nure. Ce pit est probablement dQ a un produit d’une reaction 
chimique entre l’ion peroxydisulfate et l’ion halogenure au voisinage 
de la surface de l%lectrode a goutte de mercure. On d&it le dosage 
de l’ion peroxydisulfate par polarographie en courant alternatif. 

Zusammenfassung-Systeme mit Kaliumperoxydisulfat und Alkali - 
halogeniden wurden gleichstrom- und wechselstrompolarographisch 
(Sinuswellen) untersucht. Wird der Quecksilbertropfen der Quecksil- 
berelektrode mit einem Film von adsorbierten Bromid- oder Jodidionen 
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bedeckt, so flndet man im Wechselstrompolarogramm bei negativerer 
Spannung als dem Halogenpeak einen Peak vom Peroxydisulfat. 
Dieser Peak kommt wahrscheinlich vo, einem Produkt einer chemischen 
Reaktion xv&hen Peroxydisulfation tmd einen Halogenion in der 
N%he der OberlUche der Quecksilbertropfelektrode. Die wechselstrom- 
polarographische Bestimmung von Kaliumperoxydisulfat wird besch- 
rieben. 
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QUANTITATIVE PAPIERCHROMATOGRAPHIE 
INAKTIVER SUBSTANZEN DURCH 

RADIOAKTIVE ZUSATZE-I 

GERHARD ACKERMA NN und ECON WEBW 
Institut fiir Anorganische und Analytische Chemie der Bergakademie 

Freibeq, Freibcrg (%&en), DDR 

(Eingegangen 8 Mai 1967. Angetwmmen 8 Agust 1967) 

Zusammenfasmmg-Es wird eine neue radiometrische Methode zur 
Bestirnmung von inaktivem Sulfat bzw. Thiosulfat auf Papierchromato- 
grammen beschrieben, die darauf beruht, dal3 man der zu erfassenden 
Probe stets die gleiche Menge an Sulfat (*8) bzw. Thiosulfat (‘5) 
zumischt. Fiir aktive trggerfreie Schwefelsiiure wird ein Variations- 
koet%zient von 4,6x erreicht. Dieser Wert 1aDt sich durch statistiscbe 
Auswertung und Computereinsatz auf 3,5 % verbessem. 

ZUR Bestimmung radioaktiver Substanzen auf Papierchromatogrammen sind schon 
wiederholt radiometrische Methoden vorgeschlagen worden.1*2*9 Dabei geht man 
meistens davon aus, da8 die gemessene Aktivitit der Substanzmenge des zu bestim- 
menden Stoffes proportional ist. 

m=k-I (1) 

m = Substanzmenge (mg); I = gemessene Gesamtintensitit (Imp/mm); k = 
Proportionalit&sfaktor. 

Die hohe Prtision der Auswertung radioaktiver Chromatogramme veranlaBte zur 
Untersuchung der Frage, inwiefern such inaktive Substanzen radiometrisch analysiert 
werden k&men. Hierzu sind bisher zwei Methoden bekannt : Neutronenaktivierungs- 
analyse,‘ und Umsetzung mit einem radioaktiven ReagensP Die hier dargelegte 
Methode beruht darauf, variablen Mengen an inaktiver Substanz eine stets gleiche 
Menge an chemisch gleichartiger, aber aktiver Substanz beizumischen und anschlie- 
Bend zu chromatographieren. 

Wird die Gesamtaktivitit eines so gebildeten Substanzlleckens schrittweise iiber 
einer Schlitzblende der Breite Ax abgetastet, so entsteht bei Darstellung im x-I- 
Diagramm eine Intensititsverteilung tiber die Liingsachse des Fleckens (Konzen- 
trationsstufenprofil ; Abb. 1 a). Bei kontinuierlichem Papiertransport und Verwendung 
eines Impulsdichtemessers erhllt man ein weniger fiir die mathematische Auswertung 
geeignetes Impulsdichteprofil (Abb. lb). 

Wird den zu analysierenden inaktiven Substanzen m,; m,; m,; . . . stets die 
gleiche aktive Menge m* zugemischt, so bleibt unabhtingig vom unbekannten m die 
Gesamtaktivitiit stets gleich. Beim schrittweisen Ausmessen der Fleckenintensitit ist 
die Ax zugeordnete Stoffmenge proportional der zugeharigen TeilintensitBt. 

4/I = (mr + mr*)/(m + m*). (2) 

Da man eine statistische Verteilung der Menge m* in der zu bestimmenden inaktiven 
Menge m mit Sicherheit annehmen kann, ist lediglich die Form des Konzentrations- 
stufenprofils fur die Ermittlung von m als KenngriiBe notwendig. Es gilt: 

I&. 
1 

5 63 
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(a) L 7 
x. cm 

t x, cm 

ABE. l(a).-Schematische Dar&lung eines autoradiographierten alctiven Papierchromato- 
gramms und das zugekkige Impuls-Stufenproti. 

(b) Schematisches Impulsdichteprofil analog dem Stufenprofll der (a). 

Die absolute GriiBe von I wird nur bestimmt durch die Vorlage von m*. 

Iam*. 

FHche unter dem Stufenprofil (Abb. la): 

F=flx&. 
1 

Mengenverteihuzg innerhalb eines Substanzfeckens bei n Mejschritten 

Walt man Ax = 1 und definiert die reduzierten MeBwerte zu 

4 

“=g 
so wird die Summe der Teilfllchen gleich 1 

1 =y~+ya+y3+*..+yn-l+yn. 

(4) 

(5) 

(6) 

(7) 
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Die mathematische Beschreibung des Konzentrationsstufenproflls eines Substanz- 
fleckens ftihrt stets zu einer fiir x quadratischen Exponentialfunktion.6 Bei lings der 
Laufrichtung x normalverteilten Mengen gilt: 

(statt der Benutzung des in der Statistik tiblichen Streuungsparameters u verwenden 
wir zur Vereinfachung die Genauigkeitszahl h). Werden die Messungen nach (7) 
normiert, so ist das Maximum derjenige yi-Wart, den man der Stelle x = 0 zuordnet 
(gleichbedeutend mit dem Punkt hZichster Substanzkonzentration bzw. der maxi- 
malen Aktivitit I,,=). 

1st eine Normalverteilung der gesuchten Substanzmenge m innerhalb des Fleckens 
vorhanden, dann gilt nach erfolgter Normierung der MeBwerte: 

exp (-h2 x2) dx = 1. 

Damit wird die GauSsche Genauigkeitszahl h eine Funktion der gesuchten Menge m. 

h = F(m). (9) 

Die Extrema dieser Beziehung ergeben sich nach: 

m= 0; h=+ao 

m++ccr; h-+0. 

Die prtise Formulierung von (9) ist demnach 

(W 

(9’9 

(10) 

Da jedoch der aktive Zusatz selbst bei Verwendung von trggerfreiem Material nicht 
masselos ist (LB. besitzt 1 mCi Hs%O, die Masse von 68 ng), kann die Bedingung 
(9a) praktisch nicht voll erftillt werden. 

Rechnerische Erfasstmg des Parameters h 

Nach Beziehung (8) wiirde es geniigen bci Vorliegen einer reinen Gau&Funktion 
den Peak eines Substanxtleckens auszumessen, urn den Wert h eindeutig zu bestimmen, 
denn definitionsgemfil3 gilt : 

x=0; h=y_,+x (11) 

Aus Erfahrung 15l3t sich sagen, da8 mannigfache Unzuliinglichkeiten bei der Auswahl 
der Chromatographiebedingungen (z.B. FlieBmittel, Papierqualitit, Arbeitsmethodik, 
Nebeneffekte) zu Deformationen der Flecken ftihren. Abbildung 2 zeigt zwei solcher 
Maglichkeiten: (a) Schwanzbildung an einem Konzentrationsprofil und (b) Defor- 
mation eines Konzentrationsprofils. 

Bei Vorliegen eines beliebigen nichtidealen Konzentrationsprofils ist es daher 
wtlnschenswert, auSer dem Wert ymsl die gesamte statistische Masse der MeSwerte 
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in die Bestimmung des Parameters h einzubeziehen. Der Weg iiber die Gptimierung 
der Fur&ion (8) ist zwar durch die Reihenentwicklung 

exp (-h??) = 

prinzipiell maglich, erfordert jedoch wegen der zahlreichen Unterprogramme einen 
elektronischen Grohrechner. Es wurde deshalb ein weniger aufwendiger Weg 
angewandt, der dann seine Berechtigung hat, wenn der Substanzfleck keine Ab- 
normititen aufweist. Wir verwendeten folgende Vorschrift : Aus der statist&hen Masse 

x, cm x, cm 

ABB. 2.-Abweichungen van der Gloclcenform. 
(a) Substanztleck lauft zum Startpunlct hin diffus aus. 
(b) Tropfenf&miger Substanzlleck. 

w&h man 5 Werte, die urn das vermutliche Maximum liegen, aus und normiert sie. 
Abbildung 3 zeigt, dal3 im Bereich von ymax sich GauB-Fur&ion und ausgleichende 
quadratische Fur&ion gut decken. Mit Hilfe der 5 ausgewtiten Werte gel&t es 
leicht, die beste Parabel zu finden, deren erste Ableitung das ymsX mit guter Genauig- 
keit liefert. Das Programm der quadratischen Ausgleichsrechnung ist in den meisten 
Kleinrechenanlagen vorhanden, so dab die Auswertung der Radiopapierchromato- 
gramme auf diese Weise keine Miihe macht. 

Bei vorgegebenen Eichlosungen m,; m,; m,; . . . und den berechneten ymaX- 
Werten yr; ys; y3; . . . lil3t sich eine Eichkurve aufstellen, mit deren Hilfe die 
graphische Ermittlung der gesuchten Stoffmenge m erfolgt. 

Reagentien 
EXPERIMENTELLER TEIL 

Schwefilsdure (YJ) trggerfrei, I mCi/ml. Hersteller: Kernforschungszentrum Rossendorf. 
Nutriumthiosulfut (%)-L&ung, 0,3M, 1 mCi/ml. Hersteller: Institut flir angewandte Radio- 

alctivitit. Leipzig. 
Znaktive Schwefelsiiure und Natriumthiosulfat-fisutgen @.a.) in je 6 verschiedenen Konzentra- 

tionen (siehe Abb. 5 und 6). 

Chromatogrophie 
Aufsteigende Methode, Papier FN 8 (Hersteller:VEB Spezialpapierfabrilc Niederschlag, Erzgeb.) 

Zuschnitt 40 x 300 mm. FlieDmittel: Pyridin, Isopropanol, Wasser (3:5:5).’ 
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Aufgetragene Menge: 2 ,ul Lijsung mittels Chropa-Pipette (Graduierung 0,2 PI); (Hersteller: 
VEB Glaswerke Ihnenau). 

Laufzeit 20 h, Temperatur 20°C (nicht thermostatiert). 

Geriite 
MeBkontainer VA-H-l 13 ; Transportvorrichtung fiir Papierchromatogramme VA-H-123; 

Glockenziihlrohr VA-Z-320 mit Edelstahlschlitzblende (Spaltbreite 1,5 mm). Zur schrittweisen 
Auswertung der Chromatogramme benutzten wir den StrahlenrneBplatz VA-M-16D. Hersteller aller 
gemranten Gerate: VEB Vakutronik, Dresden. 

Ftlr die Aufnahme der Impulsdichteproflle wurde eine Kombmation von Impulsdichtemesser 
VA-D-41 und Kompensationsbandschreiber verwendet. Hierbei erfolgte der Antrieb van Trans- 
portschiene und Registrierpapier synchron mit einer Geschwindigkeit van 6 cm/mm. Die mathe- 
mat&he Auswertung erfolgte mit dem elektronischen Kleinrechner SR 2b (Hersteller: VEB 
Biiromaschhxnwerke S6mmerda). 

I I 
I I 

1 I 

1 
Aaa. 3.-f_&&nstimmung der GauB-Funktion (-) mit einer Parabel (---) im Bereich 

innerhalb der Wendepunkte der Glockenkurve. 
h = 0,s; (I - 0,04. 

ERGEBNISSE UND DISKUSSION 

Urn den Nachweis zu fiihren, da0 die Beziehung h =fll/c) Gir die quantitative 
Chromatographie gilt, wurde sowohl ftir Sulfat- als such ftir Thiosulfationen eine der- 
art&e radiometrische Analyse durchgeftihrt. Von 5 verschiedenen inaktiven Sulfat- 
konzentrationen (0,005, 0,Ol; 0,02; 0,l; 0,2iV) entnahmen wir jeweils ein kleines 
Vohunen und vermischten es mit dem gleichen Volumen an aktiver trQeffreir Schwe- 
fel&ure. Die mit diesen so markierten Liisungen erhaltenen Chromatogramme wurden 
durch Autoradiographie sichtbar gemacht (Abb. 4). Als Fihnmaterial diente 
ORWO-RF 44, Exposition 20 h. 

Schon geringe Zusiitze an inaktiver Schwefels&tre ftihren zu einer bemerkens- 
werten Schwanzbildung. Es ist augenscheinlich bereits mittels der autoradio- 
graphischen Dar&hung m@lich, semiquantitative Aussagen tiber den in den 
Proben vorhandenen inaktiven Sulfatgehalt zu machen. 

Eine bedeutende Steigerung der Aussagegenauigkeit ist jedoch durch regi- 
strierende Impulsdichtemessung m6glich. Die so gewormenen Impulsdichteprotile 
wurden ausgemessen, und die maximale Impulsdichte stellte einen repr&entativen 
MeBwert fiir die Menge an inaktivem Sulfat dar. TrQt man das zu jeder Probe 
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gehbrende Imsx in Abh&@gkeit vom vorhandenen inaktiven Sulfatgehalt der 
jeweiligen Proben auf, so ergibt sich die bereitserlguterte Beziehung (9) in anschaulicher 
Form. 

Da die maximale Peak-Hahe mit dem GauBschen Genauigkeitsparameter h linear 
zusammenh&@, ist die Abb. 5 eine gtiltige Eichkurve fiir die radiometrische Bestim- 
mung inaktiver Sulfatmengen mittels Papierchromatographie. Der in Abb. 5 
dargestellte Punkt 1 ist praktisch identisch mit der Konzentration cso,~- = 0, da die zur 
trlgerfreien aktiven Schwefels%ure gehijrende Sulfatkonzentration praktisch unwagbar 

ABB. 5.-Maximale H6he de-r Impulsdichteprofile der 6 verwendeten Sulfatkomen- 
trationen in Abhtigigkeit van der aufgetragenen Sulfatmenge. 

ist. Vorliegende Methode ist demnach besonders gut fur sehr geringe Sulfatgehalte 
gee&net, da die Steigung der abgebildeten Eichfunktion mit Zunahme an inaktiver 
Substanz rasch abnimmt. (Gleichbedeutend mit geringeren Mehwertinderungen bei 
gleichen Konzentrationsintervallen.) 

Weitaus ungiingstiger sind die Analysenergebnisse, wenn als radioaktiver Zusatz 
(Tracer) ein Material verwendet wird, das nicht tragerfrei ist. Wir untersuchten unter 
den gleichen Chromatographiebedingungen die Impulsdichteprofile von sechs 
NatriumthiosulfatlSsungen. Da die aktive StammlSsung bereits 0,3M an Thiosulfat 
war, mu&en die Eichlosungen noch starker angesetzt werden. Wie die Eichkurve 
(Abb. 6) migt, ist der Funktionsverlauf flacher als bei der Sulfatbestimmung. Da die 
am Startpunkt aufgetragenen Substanzmengen das fiir die Papierchromatographie 
normale Ma0 bereits iiberschritten, ergaben die Konzentrationsprofile stark schwan- 
kende Fliicheninhalte. Es machte sich erforderlich, die Flachen manuell aus- 
zumessen und nach Beziehung (2) und (3) eine Reduzierung vorzunehmen. Die 



. ._ . 

ABB. 4.-Autoradiographie der Chromatogramme van 6verschiedenen Sulfatkonzentrationen. 
Aufgetragen wurden je 2 ,ul mit eimr absoluten Aktivit&t von 2 &i 

Startpunkte rnit 0,2 ,f&i nachmarkiert. 
I-trigerfreie aktive SchwefeMure; 
2-0,OOSN; 3-0,OlN; 4-0,02N; 5-0,lN; 4-0,2N; 

(inaktive SchwefolWre). 
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Berechmmg der reduzierten Peak-Hiihen (I,JF = Max) ergaben die in Abb. 6 
dargestellten Werte. 

VERFAHRENSBEWERTUNG 

Die Genauigkeit, mit der das Arbeitsvolumen von 2 ~1 auf den Startpunkt 
gebracht werden kann, betriigt bei Verwendung der Chropa-Pipette etwa 5 %. Werden 
die erhaltenen Chromatogramme digital und schrittweise radiometrisch ausgewertet, 
so liil3t sich durch Reduzierung der I-Werte der beim Auftragen entstehende Fehler 

0.15 - I ! I I I I I 
67,2 100 120 140 160 160 200 220 2 

pLa w:- 

0 

Arm. 6.-Eichkurve tXir Natriumthiosulfat. Reduzierte. Peak-H6he & y, = 1) in 
Abh&ngigkeit van der inaktiven Thiosulfatmcnge. 

eliminieren. Bei Verwendung der reinen aktiven Schwefelstlute entstehen Chromato- 
gramme mit einem idealen G&3-Profil. Daher ist dieser Extrempunkt besonders 
gut zur Demonstration der Reproduzierbarkeit des Analysenverfahrens gee&et 
(Punkt 1 der Abb. 5). Die Ergebnisse einer solchen Verfahrensbewertung geben jedoch 
noch nicht Auf’schhtI3 iiber die Gtite der gesamten Eichkurve. 

Es wurden am Pm&t c = 0 eine Serie von acht Chromatogrammen angefertigt 
und diese in ihrer gesamten Ausdehnung mit einer Schhtzblende digital ausgemessen. 

T~ELL~ I.--BERecHNuNo DES VNUTIONSKO~ 

AUS DEN MAxlMALEN Wm DER 8 Faom 

Lfd. Nr. ywus, yr - J 6% - 3) 
1 0,183 0,002 4.10-9 

f 0,199 0,177 0,014 0,008 196 64 

4 0,185 : 0,193 :z 
0,186 0:001 

: 

I 0,172 0,183 0,002 0,013 16; 4 

g - 0,185 z 01‘ - 7)’ = 502.10-‘ 
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TABIUE II.-BERECHNUNG DEI VARIATIONSKOEFFIZIE NTENDJXR8 
PARALLELPROBEN BEI BENUTZUNG VON JEWELS 5 UM DAS 

MAXIMUM STREUFNDEN IMPULSR.UEN 

Lfd. Nr. y, a b C d yt - f cut - YY 

1 0,122 
0,164 
0,183 1,4. 1O-a 17,5.10-a 0,124 0,177 6. lo-’ 36. lo-‘ 
0,155 
0,130 

2 0,125 
0,164 
0,199 2,2 
0,168 
0,104 

3 0,129 
0,171 
0,177 1,6 
0,155 
0,109 

4 0,130 
0,173 
0,185 1,7 
0,156 
0,115 

5 0,114 
0,157 
0,193 1,7 
0,191 
0,143 

6 0,119 
0,161 
0,186 1,9 
0,173 
0,115 

7 0,112 
0,158 
0,172 1,5 
0,165 
0,128 

8 0,133 
0,178 
0,183 2,0 
0,140 
0,081 

24,6 0,127 0,191 8 64 

17,6 0,130 0,178 5 25 

18.3 0,131 0,182 1 1 

24,0 0,109 0,192 9 81 

22,8 0,116 0,185 2 4 

19,l 0,112 0,174 9 81 

19,6 0,135 0,182 1 

7 = 0,183 r, (yi - 9))’ = 293 . lo-8 
yc = gemessene Impulsraten (reduziert); a, b, c entspricht den Koeffizienten 

al, a,, al, der besten Parabel; d = korrigierter yi(,,,,,x,-Wert. 
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Nach Abzug des Untergrundes ergaben sich Glockenkurven, deren Fl%cheninhalte 
urn den Wert 20 000 f 1000 Imp/min. schwa&en. Durch Reduzierung gewannen 
wir vergleichbare ymsr Werte, deren Standardabweichungen zu 

s = JFP;IJ)J 

de8niert ist. Die aus Tabelle I errechnete Standardabweichung betrlgt 8,5 . 10-8; 
daraus ergibt sich ein Variationskoefhzient von 4,6x. (Der Wert der Standard- 
abweichung ist dimensionslos, da mit reduzierten y-Werten gem&net wurde.) 

Wie bereits erl%utert, ist es sehr aufwendig, die Beziehung (11) zur Verbessenmg 
der Varianz des Verfahrens zu benutzen. Es wurden vielmehr zur Berechnung einer 
besten Parabel je 2 yrWerte vor und nach ymax in die Berechnung mit einbezogen. 
Es muS lediglich die Gewlhr bestehen, daB die gewtilten ytWerte nicht in den 
Bereich der Wendepunkte der Gaul&Funktion fallen. 

Die Programmierung wurde so vorgenommen, da13 fur frei wahlbarex-Koordinaten 
die in Tabelle II, Spalte a angegebenen yi-Werte zu einer besten Parabel verarbeitet 
werden. In Spalte b, c, d sind die Koefhzienten a,, a,, a, angegeben. Das Maximum 
der so gewonnen Funktion Y =f(x) ergibt sich durch eine Differentiation, die im 
Rechenprogramm enthalten ist. Der neue, ausgeglichene y_-Wert ist in Spalte d 
enthalten. 

Die Auswertung der Tabelle II ergibt eine Verbesserung des Variationskoeflizienten 
des Verfahrens auf 3,5x. Es wurde damit bestitigt, da8 eine schrittweise digitale 
Auswertung der Radiopapierchromatogramme mit anschliehender Datenverarbei- 
tung die genauesten Analysenergebnisse liefert. 

Es ist beabsichtigt, in einer nachfolgenden Verbffentlichung iiber die MZSglichkeit 
zu berichten, mittels der hier prinzipiell dargestellten Analysenmethode inaktive 
Polythionate zu trennen und quantitativ zu analysieren. 

Aner&ennurlg-FUr die Diskussiqp und eine Reihe wertvoller Hinweise sind wir Herrn Prof. Dr.&g. 
Gottschalk zu groSem Dank verpflichtet. 

Smmnary-A new radiometric method for the determination of inactive 
sulphate or thiosulphate on paper chromatograms is described, based 
on the addition, in each determination, of a constant quantity of active 
sulphate or thiosulphate respectively. For active, carrier-free, sulphuric 
acid, a relative standard deviation of 4.6 % was obtained, but this could 
be improved to 35% by statistical manipulation on a computer. 

Rt%rnP--On d&it une nouvelle methode radiometrique pour la 
determination du sulfate ou du thiosulfate inactifs sur chromato- 
grarnmes sur papier, basee sur l’addition, dans chaqued&rmination, 
d’une quantite constante de sulfate ou de thiosulfate actifs, respective- 
ment. Pour l’acide sulfurique actif, exempt d’entralneur, on a obtenu 
un &cart type relatif de 4,6x, mais il peut &re amelior6 a 3,5x par 
manipulation statistique sur un computeur. 
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DETERMINATION OF STRONTIUM IN 
ENVIRONMENTAL MEDIA 

ANN B. STRONG, GEORGIA L. REHNBERG and URSULA R. Moss 
Southeastern Radiological Health Laboratory, P.O. Box 61, 

Montgomery, Alabama 36101, U.S.A. 

(Received 27 ApriI 1967. Accepted 21 JuZy 1967) 

Sammary-A procedure is described for the determination of strontium 
in natural materials by flame photometry. An alkaline fusion of the 
ashed sample followed by dissolution in dilute acid &es a preliminary 
separation: Further sep&ation of strontium is ob&ned by sorption 
on Dowex-50 resin from an EDTA solution at DH 5.1 followed bv 
elution of the alkali metals with 05M hydrochl&ic acid, and of thi 
strontium with 3iU hydrochloric acid. The emission line at 460.7 rnp 
is used and the intensity enhanced by the addition of kbutanol to the 
801UtiOn. 

DURING the past two years approximately 400 milk, 200 composite food, 80 vegetation 
and 30 marine biota and bone samples were analysed in these laboratories for stable 
strontium. Since a rapid inexpensive method was needed to analyse samples on a 
mass scale, several procedures were investigated. The involved chemical separations 
prior to ion-exchange isolation of strontium described by ElferG were eliminated by 
performing a sodium hydroxide-sodium carbonate fusion.* This removed organic 
matter and soluble carbonates, and provided soluble samples. 

At the low concentrations of strontium present in many samples the removal of the 
interference from large and varying concentrations of calcium became a necessity. 
A “swamping” technique was investigated but results were too erratic for quantitative 
analysis. An ion-exchange technique was found to be most suitable for strontium 
purilkation. 

After dissolution of the carbonate fusion product in hydrochloric acid, the sample 
was added to EDTA and adjusted to pH 5-l. Over 80 % of the calcium was assumed 
to be complexed by this procedure, since this amount was not adsorbed when the 
sample solution was passed over cation-exchange resin (Dowex SOW-X8, Na+ form). 
Since the resin has a much greater aflkity for strontium than for calcium,8 the residual 
18-20 % of the calcium was removed with EDTA and dilute acid washes, leaving the 
strontium adsorbed on the resin.4 After elution with a stronger acid solution, the 
strontium was concentrated by evaporation so that it could be determined by frame 
emission spectrophotometry. An organic solvent was added to increase the intensity 
of the strontium flame.6 The chemical yield, which was routinely determined with 
strontium-85 tracer, ranged from 80 to 95 %. 

EXPERIMENTAL 

Dowex 5OW-X8 (50-100 mesh, Na+ form) cationexchange resin (20 ml) in a glass column with 
coarse fritted disk, 1.9 cm diameter and 30 ml capacity, was prepared by washing with 250 ml of 
4M sodium chloride followed by 250 ml of distilled water. 
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Carrier-free strontium-85 tracer was diluted to give approximately 10000 cpm/ml. 
EDTA solution, 2 %, was prepared by dissolving 22.2 g of the disodium salt in 900 ml of distilled 

water, adjusting the pH to 5.1 with ammonia solution, and diluting to 1 litre. 
Standard strontium solution (1 n&ml) was prepared by dissolving 1.685 g of strontium carbonate 

in QOlM hydrochloric acid and diluting to 1 litre. 
A Beckman Model DU Spectrophotometer with Same attachment, oxygen-acetylene burner, and 

IP28 phototube was used for the determinations. 
Gamma analyser with 4 in. x 4 in. NaI(Tl) well-crystal. 

Proceatue 
Weigh 5 g of food or milk ash (3 g of vegetation, bone, or marine biota) into a 250~ml nickel 

crucible. By pipette add 1 ml of strontium-85 tracer to the ash and 1 ml to a counting vial to use as a 
standard. Mix the ash and tracer thoroughly; add 30 g of sodium hydroxide and mix again. Fuse over 
a high temperature (Meker) burner until the mixture becomes molten (20-30 min) and then add 3 g 
of anhydrous sodium carbonate. Heat for 20-30 min more. (Use 20 g of sodium hydroxide and 
2 g of anhydrous sodium carbonate for a 3-g sample.) Remove the crucible from the flame and cool 
it in an ice-bath. Take up the cooled fusion mixture in approximately 200 ml of distilled water and 
boil gently. Transfer to a 250-ml centrifu 
Wash twice with RIO-ml portions of hot c* 

bottle, centrifuge and discard the supematant liquid. 
tilled water. Dissolve the precipitate in 20 ml of 6M 

hydrochloric acid, boiling to expel carbon dioxide, and to aid dissolution. Transfer the solution to a 
600-ml beaker containing 300 ml of 2 % EDTA solution. Adjust the pH to 5-l with 6M ammonia and 
dilute to about 450 ml with distilled water which has been adjusted to pH 5-l. Bass the solution 
through a column containing 20 ml of cation-exchange resin, at a flow-rate of 60-70 ml/min. Wash 
the column with 500 ml of 2 % EDTA solution (pH 5.1) at a flow-rate of 20 ml/min. Elute univalent 
cations at a flow-rate of 20 ml/mm with 500 ml of @5M hydrochloric acid, and then the strontium at a 
flow-rate of 10 ml/min with 250 ml of 3M h drochloric 
add 1 ml of 6M hydrochloric acid and tram r 

acid. Evaporate the eluate to near dryness, 
er to a 5&nl volumetric flask with 20-30 ml of distilled 

water. Add by pipette 10 ml of s-butanol to the flask, dilute to volume with water, and mix thoroughly. 
Transfer 10 ml by pipette into a counting vial to be counted for strontium-85 activity in an 

Na.l(Tl) well-crystal. Compare. the counts of the sample with the counts of the standard to de&mine 
chemical yield. Determine the strontium by Same photometry at a wavelength of 461 rnp, comparhig 
samples with strontium standards. Prepare solutions for the calibration curve by using appropriate 
aliquots of the standard solution (1 mg/ml) and adding 20 ml of s-butanol per 100 ml of solution. 

A calibration curve ranging from 1 to 15 p Sr/ml was used for food, milk and most vegetation 
samples, and a curve from 70 to 120 rg Sr/ml ! or marine biota and bone samples. 

RESULTS AND DISCUSSION 

Known amounts of strontium were added to various types of sample and run in 
conjunction with the original samples. Results showing the accuracy of the procedure 
for milk and food are given in Tables I and II. Replicate samples of a composite milk 
ash sample were used to determine the precision; 16 results gave a range of 0*57- 
0.67 mg of Sr, mean O-63, relative standard deviation 4.3 %. 

Organic material and soluble carbonates were removed in the fusion and leaching 
process and most of the calcium was complexed with EDTA which prevented its 
adsorption by the cation-exchange resin. Calcium-45 and strontium-85 were used to 
determine the retention and elution of these elements. Less than 1% of the strontium 
leaked through while more than 80% of the calcium passed through the cation- 
exchange column at flow-rates up to 70 ml/min. Virtually all of the remaining calcium 
was eluted with 2 % EDTA. Since sodium and potassium intensify the flame emission 
of strontium,6*7 they were separately removed from the column. Their absence in 
the final sample solution was confirmed flame-photometrically. 

Quantitative removal of strontium with 3M hydrochloric acid at a flow-rate of 
10 ml/min was then accomplished. The elution behaviour of strontium is shown in 
Fig. 1. Barium was also present in this fraction but did not affect the flame photo- 
metric determination of strontium. The small amount of calcium (less than 2 %) that 
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TABLE I.-Ac~~RA~Y TEST ON THE RECOVERY OF STRONTIUM FROM MILK ASH (5-g SAMPLES) 

Sample 
no. 

Strontium 
Added, Observed,* 

JT mg 

Differences 

R-very. 
“tp % 

1 
2 
3 

4 

058 
1.63 
262 

3.57 

2-1 
3-l 

4-l 3-2 
4-2 
4-3 

- 
1.05 
204 

;:g 
194 
0.95 

Mean 
Std. devn. 

- 
105 
102 
100 
99 
97 
95 
99.3 

3.6 

l Includes correction for chemical yield based on tracer Yk. 

TAICE IL-ACCUUCY r@s~ ON THE RECOVERY OF ~XRONTIUM FROM FOOD ASH (5-R SMAPLES) 

Sample 
ll0. 

Strontium Differences 
Added, Observed, * Recovery, 

mg mg mg % 

: l&l 0.70 1.70 2-1 1.0 - 

3 200 2.74 3-I 

4 300 366 4-l ;:: 3-2 104 

1-Z ;:: 
Mean 

Std. devn. 

*Includes correction for chemical yield based on tracer YSr. 

100 - 

102 

1: 

98 92 
99.1 
41 

TALLY D.f.-EFFECT OF CALCIUM ON EMISSION FROM 10 /4g OF SIRONTIUM PBR ld IN 
20% S-BUTANOL MEDIUM 

Cal&m added, mgjml 
Relative emission g-5 A.5 : 

50 100 
95 100 

TABLE IV.-RFFECZ OF ORGANIC SOLVBNTS ON -ON 

BY sTRoNTnJM 

Solvent, u/v 

None 
s-Butanol, 6 % 

10% 
15% 
20%* 

n-Butanol 6 % l 
isoButano1 6 %* 

Relative emission 

20.5 

s; 
865 

: 
67 
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(450 ml) @OO ml) 

Fro. I.-Separati~n of calcium and elution of strontium. 

may rem&n in the sample does not afkt the fkme emission (see Table III). Tlte 
effects of several organic solvents on the flame emission of strontium were investigated 
(see Table IV), s-Butanol, which increased the intensity of the strontium fkme more 
than fourfold, was chosen for use in the routine determination. 

The presence of silica in some types of vegetation and biota samples o~~a~y 
caused IOW yields. This ~culty was overcome by removing most of the silica from 
the fused sample by precipitation after acidification with 6M hydrochloric acid. 

After elution of the strontium with 3N hydrochloric acid, the resin column~may be 
regenerated for subsequent use by passing 250 ml of 4M sodium chioride &rough the 
column at a flow-rate of 10 ~~~ fotiowed by 200 ml of distilled water. 

Ackxowiei@nrent-The authors express their appreciation for the professional asslstancc of C!. R. 
Porter. 

~~~~~~rn ~~enphotorne~i~h~ Verfahren zur Re- 
swung vOn ~t~o~ti~ in Naturprodukten wird beschrieben. 2% 
Vorabtrennung wird die veraschte Probe alkalisch gcschmolzen uad 
mit verdiknter Saure aufgenommen. Weiter gerelngt wlrd d.ss 
Strontium durch Adsorption an Dowex-50-I-&z aus RDTA.L&amg 
bei pH $1, Elution dcr ~~i~~le mit 45 M Sattslure und Efution 
von Strontium mit 3 M SalmCiure. Die Emlssionslinie bei 4fXJ,7 nm 
wird benutzt und deren Intensit~t durch Zugabe von s-Butanol zur 
Ldsung verbessert. 

R6sum6--On dkrit uw technique pour Ie dosage du strontium 
darzs les pr~ul~ naturels par hotomkie de flamme. Une fusion 

J alcaline de l’kchantillon lneme suivie de dissolution en acide dild 
donne unc separation pr&ninaire. On obtient une nouvelle skparatiou 
du stronti~ par sorption sur la &sine Dowex-50 ;5 part& d’une 
solution en EflTA de pH 5.1, suivie de 1’klution da mbtaux alealias 
par I’acide chlorhydrique 0,s M et du strontium par l’acide chlor- 
hydrique 3 ;W: On utilise la raie d&mission a 460,7 rnp et Pintensite 
est exalt&e par l’addition de .r-butanol a la solution. 
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SPEKTROPHOTOMETRISCHE BESTIMMUNG VON 
KUPFER MIT 2.3.8.9-DIBENZO-4.7-DIMETHYL-5.6- 
DIHYDRO- 1 . lo-PHENANTHROLIN (CUPROTEST) 

GBRBARD ACKER~~~~NN 
Institut fiir Anorganische und Analytische Chemie der Bergakademie Freiberg, 

Freibcrg (Sachsen), DDR 
und 

WALTER ANGERMANN 
Forschungsinstitut ftlr Nichteisenmetalle, Freiberg (Sachsen), DDR 

(Eingegangen 29 Mai 1967. Angetwmmen 21 Juli 1967) 

Zusammenfassung-Es werden Untersuchungen xur Anwendung von 
2.3.8.9-Dibenzo-4.7-dimethyl-5.6-dihydro-l.lO-phenanthrolin (Cupro- 
test) ftlr die photometrische Kupferbestimmung beschrleben. Der 
Einflul3 des pH-Wertes und der Reagenxkonxentration auf den 
Extraktionsgrad sowie die Anwendbarkeit von 20 verschiedenen 
organischen Solventien zur Extraktion wurde geprilft. Es xeigte slch, 
da.0 man bis zu 50 pg Culml nach Redulction mittels Ascorbins&ure 
in Gegenwart von Tartrat-Ionen im pH-Bereich 3-10 mit Cuprotest/ 
Chloroform-L&tmg extrahieren und spexit%ch bei 554 nm bestimmen 
lcann. Der EinlluQ von 60 Kationen und Anionen wurde geprilft. 
Nur in Gegenwart von diDTA, Thiosulfat, Cyanid tmd Suffid komrten 
St&amgen festgestellt werden. Das Verfahren wurde zur Untersuchung 
von 37 Reinststoffen sowie xur Analyse verschiedener technischer und 
natilrlicher Produlcte angewandt. Es komrten Nachweisgrenaen bei 
8*1P% und relative Standardabweichungen awischen 2 und 3 % 
ermittelt werden. 

IN den letzten Jahren haben zwei Gruppen von Reagenxien wegen ihrer hohen 
Selektivitit ftir die photometrische Bestimmung von Kupfer s&dig an Bedeutung 
gewonnen: das Oxalyldihydrazid und seine Derivate (Cuprixone) und das 2.2’- 
Dichinolyl und seine Derivate (Cuproine). Der hijheren Empfindlichkeit der Cupri- 
zone steht bei den Cuproinen die Tatsache gegentiber, dag deren Kupferkomplexe 
mit organ&hen L&ungsmitteln extrahiert werden k&men. 

Trotz vieler Vorteile haben aber die bisher empfohlenen Verbindungen der zuletxt 
genannten Reihe [2.2’-Dichinolyl (Cuproin), 2.9-Dimethyl-l.lO-phenanthrolin (Neo- 
cuproin) und 2.9-Dimethyl-4.7~diphenyl-l . 1 0-phenanthrolin (Bathocuproin)] noch 
kemen umfassenden Eingang in die analytische Praxis gefunden, da sie infolge ihrer 
aufwendigen Synthese ziemlich teuer sind. 

Nach einem von E. Uhlemann und Mitarb.evss4 vorgeschlagenen Darstellungs- 
verfahren 1lBt sich als weitere Verbindung dieser Gruppe das 2.3.8.9-Dibenxo-4.7- 
dimethyl-5.6dihydro-1. lo-phenanthrolin (Cuprotest*) auf einfachem Weg gewinnen. 

l Hersteller: VEB Laborchemie Apolda. 

tl 79 



80 G. ACKERMA NN und W. ANGERMANN 

Wie die genannten Autoren bereits mitteilten, bildet diese Verbindung mit 
Kupfer(1) einen violetten Bisligandkomplex, der mit organischen Solventien aus der 
warigen Phase extrahiert werden kann und dem sich folgende Struktur zuordnen 
liil3t : 

Obwohl die Autoren such noch Angaben tiber das Absorptionsspektrum, den 
Extinktionskoefhzienten und das Verhalten des Reagenzes gegeniiber einigen 
Metallionen in ihre Veriiffentlichung aufgenommen haben, waren fiir eine umfassende 
Anwendung noch weitere Untersuchungen erforderlich, iiber die im folgenden berichtet 
werden ~011. 

EXTRAICTIONSVERHALTEN DER KOMPLEXVERBINDUNG 

Ftir die Red&ion des Kupfer(I1) erwiesen sich neben Hydroxylammoniumchlorid 
such Hydraziniumsulfat, Natriumsulfit und AscorbinGure als geeignet. Wie aus 
unseren Untersuchungen hervorging, ist dabei der AscorbinsHure der Vorzug zu geben, 
da hier keine stijrenden Nebenreaktionen mit Begleitionen zu erwarten sind. 

Systematische Versuche zeigten, daD sich im Prinzip die folgenden organischen 
Liisungsmittel zur Extraktion des in schwach saurer Losung bei pH 4-5 gebildeten 
Kupfer(I)-Cuprotest-Komplexes eignen : Butanol, Pentanol, Hexanol, EssigsZiure- 
gthyl-, -butyl- und -amylester, Methylisopropylketon, Methylisobutylketon, Chlor- 
benzol, Methylcyclohexanon sowie Chloroform. 

Keine bzw. mit Niederschlagsbildung an der Phasengrenze verbundene geringe 
Extraktion wurde mit Benzol, Toluol, Diathylather, Diisopropylather, Dichlor- 
diiithyliither, Kohlenstofftetrachlorid, Hexan, Cyclohexan und Heptan beobachtet. 

In Abb. 1 ist der EintluB der Reagenzkonzentration auf den Umfang der Extraktion 
des Komplexes mit Chloroform dargestellt. Fiir die Versuche wurde durch Reduktion 
mit Ascorbinsliure erhaltenes Kupfer(1) bei pH 4-5 in unterschiedlichen Konzentra- 
tionsverhlltnissen mit Cuprotest umgesetzt, die Extraktion mit dem gleichen Volumen 
Chloroform durchgeftihrt und die prozentuale Verteilung radiochemisch mit Hilfe 
von Kupfer-64 ermittelt. Wird die Probe 15 set bzw. 5 min nach dem Reagenzzusatz 
extrahiert, so zeigt sich ein unterschiedlicher Extraktionsverlauf, aus dem die 
Zeitabhiingigkeit der Reaktion hervorgeht. Die gleichen Resultate werden erhalten, 
wenn das Cuprotest in unterschiedlicher Konzentration vorher im organischen 
Losungsmittel gel&t und die wiil3rige Phase 15 set bzw. 5 min geschtittelt wird. 

Die Untersuchungen zeigten, daB bereits bei stijchiometrischen Molverhaltnissen 
die Extraktion nahezu quantitativ verlluft, dab jedoch die erforderlich Zeit ftir 
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4 
MolverhWnis, Kupfer /CuprOteSt 

ABB. 1 .-Abh;ingigkeit des Extraktionsgrades des Rupfer(I>Komplexes vOn dm Reak* 
tionszeit und von de.r Reagenzkonzentration. 

pH-weft 

ABB. 2.-Abh&gigkeit des Extmktionsgrades des Kupfero_Komplexes f& i-B&no1 
und Chloroform vom p&Wee 

analytische Zwecke unvorteilhaft lang ist. Durch Erhishung der Reagenzkonzen- 
tration auf das dreifache erfolgt die Reaktion praktisch momentan. 

In Abb. 2 ist die pH-Abhtigigkeit der Extraktion fiir i-Butanol und Chloroform 
wiedergegeben. Die Durchfiihrung erfolgte wie bei der ersten Versuchsreihe unter 
Variation der pH-Werte, wobei ein fiinffacher ReagenziiberschuB angewandt wurde. 
Vorteilhaft zeigte sich die Verwendung van Chloroform. Das unbrennbare und 
gegeniiber Wasser spezifisch schwerere Ltisungsmittel erlaubt bei Mehrfachextrak- 
tionen eine einfachere Arbeitsweise. Dal3 Cuprotest in Chloroform im Gegensatz zu 
verschiedenen Solventien, wie Methyli~b~~lketon und Essi~~e~~yles~r, leicht 
loslich und die Reagenzlbsung wenigstens vier Wochen haltbar ist, spricht ebenfalls 
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ftir dieses L8sungsmittel. Die bereits von E. Uhlemann und Mitarb.2 beobachtete 
Trtibung durch Emulsionsbildung kann leicht durch Zentrifugieren beseitigt werden. 
Bei der Anwendung hiiherer Alkohole, Ester oder Ketone sind dagegen zusZLtzliche 
Trockenmittel erforderlich, wie aus Tabelle I hervorgeht. 

TAEIU I.-VEI~SJCHE zua BESE~TIGUNG DER EMULSIONSBILLXJNG 

Lbsungsmittel 
Extinktionsmittelwert von Doppelproben 

mit Troclcenmittel 
unbehandelt xentrifugiert tihriert 

iButano1 
Sentan 
EssigsBure- 

gthylester 
Methyliso- 

butylketon 
Chloroform 

0,644 0,502 0,375 
0,511 0,482 0,379 

0,623 0,511 0,374 

0,473 0,460 0,374 
0,399 0,379 0,381 

Zu den Versuchen wurden 10 ,ug Kupfer in der wiiDrigen Phase bei pH 8 in Gegenwart 
von 1 ml Weins&ue (10 g/l) mit Ascorbins&rre reduxiert und xweimal mit je 5 ml Reagenx- 
losung (5 mg/lOO ml) 15 set extrahiert. Als Trockenmittel ftir die auf 10 ml erg%nxte 
organ&he L&sung wurden jeweils 100 mg wasserfreies Natriumsulfat venvendet. Gemessen 
wurde in einer 3-cm-Kbvette bei 554 run. 

Absorptionsspektrum 

In Abb. 3 ist das Absorptionsspektrum des Komplexes in Chloroform&sung 
dargestellt, das ein Absorptionsmaximum bei 554 nm zeigt, wobei ein molarer 
dekadischer ExtinktionskoetIizient von 7950 1 Mol-l cm-l erzielt wird. Diese Werte 
stimmen etwa mit den Angaben von Uhlemann2 bei Verwendung von i-Pentanol 
tiberein. 

Einfaw von Begleitelementen 

Literaturangaben zufolge* ist die Selektivitgt der “Cuproin”-Gruppe in sterischen 
Gegebenheiten begrundet. Danach kiinnen wegen der Behinderung der Substituenten 

3.6 
(u 

B 3,4 

3.2 

3,O 
450 500 550 600 650 

Wellmliingr, nm 

ABB. 3.-Typische Farbkurve der LBsung des Kupfer(I)-Cuprotest-Komplexes in 
Chloroform. 
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bei der Chelatbildung mit oktaedrisch konfigurierenden Metallen keine Triligand- 
komplexe gebildet werden. Besonders giinstige Bedingungen sind jedoch bei dem 
tetraedrisch konfigurierenden Kupfer(I)-Ion gegeben. 

StiIrungen der Reaktion des Kupfer(1) mit Cuprotest sind vor allem durch Bildung 
schwerlbslicher Hydroxidsalze bzw. Hydroxide, femer durch Oxydationsmittel und 
durch komplexbildende Anionen zu erwarten. Unsere Untersuchungen zeigten, da0 
solche Anionen bereits in geringster Konzentration stiiren, die wenig dissoziierte oder 
schwerlosliche Verbindungen mit Kupfer bilden, wie ADTA, Thiosulfat, Cyanid und 
Sulfid. In 1 m Lijsungen der Anionen Fluorid, Chlorid, Bromid, Jodid, Thiocyanat, 
Sulfat, Carbonat, Phosphat, Nitrit, Nitrat, Perchlorat, Borat, Acetat, Tartrat, Citrat 
und Oxalat koMten keine Stijrungen der Bestimmung beobachtet werden. 

Vorteilhaft erwies sich vor allem, dal3 die in der analytischen Praxis haufig verwen- 
deten Hilfskomplexbildner wie Tartrat und Citrat die Bestimmung nicht beeintrgch- 
tigen, so da13 Stiirungen durch die im interessierenden pH-Bereich als Hydroxide oder 
Hydroxidsalze ausfallenden Kationen verhindert werden k&men. 

Fiir folgende Ionen wurde im Konzentrationsbereich l-10 mg kein StijreinfluB in 
Gegenwart von Weinslure sowohl im sauren (pH 4-5) als such im alkalischen Gebiet 
(pH 8-9) festgestellt, wobei die Bestimmung in Anwesenheit von 10 pg Cu erfolgte: 
Aluminium, Antimon(III), Arsen(III), Gold(III), Wismut, Barium, Calcium, Cad- 
mium, Cer(III), Chrom(III), Kobalt(II), Eisen(II), Gallium, Germanium, Quecksilber, 
Indium, Kalium, Lithium, Magnesium, Mangan(II), Molybd$in(VI), Natrium, Niob, 
Nickel, Palladium, Platin, Blei, Rhenium@%), Zinn(II), Strontium, Selen, Silber, 
Tellur, Titan, Thallium(I), Tantal, Vanadin(V), Wolfram( Zirkonium und Zink. 
In Gegenwart von Silber, Gold, Platin, Quecksilber und Palladium wurde ein durch 
abgeschiedenes Metal1 an der Phasengrenze gebildeter geringer Niederschlag 
beobachtet. Dieser start aber die Kupferbestimmung im interessierenden Konzen- 
trationsbereich nicht. 

ARBEITSVORSCHRIFT UND STATISTISCHE KENNDATEN 
Nach der fol 

wertennachH. GLer 
den Arbeitsweise wurde aus 30 Vierfachbestimmungen van Reagenxienblmd- 

statist&h eine Nachweisgrenx (3uXriterium) van 0,008 &ml ermlttelt. 
Die Analysenl&iung (20-30 ml, O-50 rg Culml) wird je nach Konxentration der evtl. st6renden 

Begleitelemente mit einer entsprechenden Menge Weinsiiurellbsung (20 g/l00 ml) versetxt. Nach 
Zugabe von 2 ml Ascorbiiurel6sung (2 g/l00 ml) wird mit 2 m Salpeters&ure bxw. mlt 2 m 
Ammoniak ein pH-Wert im pH-Bereich xwischen 4 turd 10 eingestellt. 
kann such ein Acetat- oder Ammoniumchlorid-Pulfergemisch 

Ohne Storung der Bestimmung 
verwendet werden. DiewHDri Phase 

wird ln einem Scheidetrichter mit abge=nen Anteilen Cuprotest-Chloroforml6sung (5 $ m 100 ml) 
15 set geschtlttelt, die vereinigten organischen Phasen werden 1 min bei cu. 4000 U/min xentrifugiert 
und be] 554 nm gen mines Chloroform photometriert. 

Je nach ff Kup erkonzentration kann das MePvohrmen turd die Schichtdicke der Ktlvette gewi%hlt 
werden. Dabei bewiuute sich folgende Arbeitsweise: 

Die Probe wird ZunHchst xweimal mit je 5 ml Cuprotest-L&sung extrahiert, wobei das farblose 
Reagenx aus einer Burette xugegeben wird. Zeigt der xweite Extrakt nur noch eine geringe oder 
keine Violettfiirbung (Kupfergehalte tl @ml), dann kann die Extraktion bereits als p&t&h 
vollst%ndig angesehen werden und die vereinigten organ&hen Extrakte werden in einer 5an_ 
Kthette gunessen. 

Zeigt der zweite organische Extrakt noch eine starke Violettf&bung, darm wird mit abgemesseaen 
Anteilen von 5 bxw. 10 ml der Reagenxlbsung weiterextrahiert. Das Ende der Extmktlon ist erreicht, 
wenn die organ&he Phase farblos bleibt. Die vereinigten Extrakte werden xentrifugiet und photo- 
metriert. 

Wie durch Korrelationsrechmmg festgestellt wurde, ist das Lambert-Beer&e Gesetx im me& 
technisch noch gut xug&nglichen Konxentrationsbereich von O-50 pg Cu/ml erfiilt. 
bestimmung ist ein Zeitbedarf von cu. 10 min erforderlich. 

Ftlr eine Doppel- 

&ml ermittelte relative Standardabweichung@ betrfigt 1,1x. 
Die im Konxentrationsbereich 41-5 
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ANWENDUNGSGEBIETE 

Bestimmung in Reinststoflen 

Fti die Bestimmung des Kupfers in Reinststoffen ist es erforderlich, das Matrix- 
element trotz Gegenwart des Uberschusses an Reduktionsmittel im pH-Bereich 4-9 
in Liisung zu halten. Diese Bedingungen lassen sich fur eine groJ3e Zahl von Elementen 
realisieren, wobei sowohl im sauren als such im alkalischen Bereich gearbeitet werden 
kann. 

Die Proben werden durch Salzs&ue, Salpeters&.tre, Schwefels&re oder Kanigswasser bzw. durch 
einen Schmelzaufschlul3 in eine losliche Verbindung tlberNM und in Gegemvart van Ascorbins&ue 
ein geeigneter pH-Wert der Probel&mg imp H-Bereich xwischen 4 und 9 eingestellt. Im neutral- 
nahen und im alkalis&en Gebiet evtl. auftretende NiederschlQe werden durch Weinsiiure in Lbsung 
gehalten. 

Nach unseren Untersuchungen kann Kupfer in folgenden Elementen und in einer 
Reihe ihrer Verbindungen nach diesem Verfahren bestimmt werden: Aluminium, 
Antimon, Blei, Cadmium, Cer, Chrom, Eisen, Gallium, Germanium, Iridium, Kobalt, 
Lanthan, Mangan, MolybdPn, Nickel, Niob, Phosphor, Rhenium, Selen, Tantal, 
Thallium, Thorium, Titan, Vanadin, Wismut, Wolfram, Zink, Zinn, Zirkon sowie in 
Alkali- und Erdalkalimetallen. 

Das Reagenz ist nicht ohne weiteres anwendbar zur Bestimmung von Kupfer in 
Gold, Platin, Palladium und Silber sowie zur Analyse von Tellur und Selen, da diese 
Elemente durch Ascorbins&tre ausgefiillt werden. Selen kann durch Eindampfen mit 
konz. SchwefelsZiure abgeraucht werden. Chrom(V1) und Thallium(II1) mfissen vor 
der pH-Einstellung im sauren Medium reduziert werden, wobei sich neben 
Ascorbinslure such Natriumsulfit bewghrte. 

Bei Einwaagen von 1 g Probe wurden Nachweisgrenzen bei 8*10-6 % und relative 
Standardabweichungen im Konzentrationsbereich von l-10”’ bis 5*10-8% zwischen 
2 und 3 % ermittelt. Der durchschnittliche Zeitbedarf betrligt 15-20 Minuten fiir eine 
Doppelbestimmung. 

Bestimmung in verschiedenartigen Proben 

Die Spezifitlt des Reagenzes ermijglicht such Kupferbestimmungen in einer Reihe 
von Mehrstoffsystemen. So bewiihrte sich folgende Arbeitsweise zur Untersuchung 
eines legierten Stahles : 

Ein hundert mg Probematerial werden in einem Gemisch aus 5 ml Salzs&re, 1 ml Phosphotiure 
und 1 ml Salpetersaure unter Erhitzen aufgelost und die abgektihlte Probe nach Zugabe von 5 ml 
Weinsiiure (20 g/100 ml) und 2 ml Ascorbinsiiure (2 g/100 ml) mit 2m Ammo&k auf pH 8-9 gegen 
Indikatorpapier eingestellt. Die Probelosung wird in einem Scheidetrichter tlberfuhrt und das Kupfer 
wie bereits beschrieben bestimmt. 

Der ermittelte Kupfergehalt von 0,229x zeigte sehr gute Ubereinstimmung mit 
dem im Attest der Probe (Analysentestprobe Nr. 37 des DAMW Magdeburg) 
angegebenen Gehalt von 0,23 %. 

Ahnliche Ergebnisse konnten mit dem Verfahren such bei der Bestimmung von 
Kupferspuren in Schlacken, Erzen und organ&hen Materialien erzielt werden, wobei 
die fur diese Produkte tiblichen Aufschlufiverfahren der beschriebenen Bestimmungs- 
methode vorangestellt werden miissen. 

Sununa~-The application of 2,3,8,9-dibenzo_4,7,dimethyl-5,6-dihy- 
dro-l,lO-phenanthroline (Cuprotest) to the photometric determination 
of copper is described. The inlluence of pH and reagent concentration 
on the extraction has been examined for 20 organic solvents. Copper 
can be specifically determined in concentrations up to 50,1~g/ml by 
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reduction with ascorbic acid and extraction with a chloroform solution 
of Cuprotest from a tartaric acid solution, pH 3-10, followed by 
measurement of the absorbance at 554m,u. The intluence of 60 
cations and anions has been investigated. Only EDTA, thiosulphate, 
cyanide and sulphide interfere. The method was used to examine 
37 pure materials and various technical and natural products. It has 
a lower limit of detection of 8 x 1O-e% and a relative standard 
deviation of 2-3 %. 

R&m&-On decrit l’application de la 2,3,8,9-dibenzo-4,7dimethyl 
5,6-dihydro-l,lO-phenanthroline (Cuprotest) au dosage photometrique 
du cuivre. On a examine l’influence du pH et de la concentration du 
reactif sur l’extraction pour 20 solvants organiques. On peut doser 
le suivre sp&fiquement a des concentrations allant jusqu’a 50@ml 
par reduction a l’acide ascorbique et extraction avec une solution 
chloroformique de Cuprotest a partir dune solution d’acide tartrique, 
pH 3-10, suivis de la mesure de l’absorption a 554 w. On a etudie 
l’intluence de 60 cations et anions. Seuls I’EDTA, le thiosulfate, le 
cyanure et le sulfure interferent. On a utilid la mtthode pour examiner 
37 substances pures et divers produits techniques et naturels. La 
limite inferieure de detection est de 8 x lo+% et p&art type relatif 
de 2-3 %. 
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Summary-The electron capture detector has been used to measure 
ultra-trace quantities of beryllium separated as berylli~(II) trifhroro- 
acetylacetonate by gas chromatographic techniques. The lower limit 
of detectability is co. 4 x 10-r* g of beryllium. Calibration plots 
extend from 8 x 10-l’ to 4 x lo-l1 g of beryllium. Samples of 
beryllium in aqueous solution at four concentrations (l-18 x 10-t, 
l-18 x HYB, 295 x lO+, and 8.84 x 10-log/ml) were analysed 
quantitatively by combining solvent extraction and gas chroma- 
tography. The distribution of beryllium during the extraction 
procedures was determined independently by use of radioactive 
beryllium-7, but the use of tracers is not required in the recommended 
procedure. Interference studies were made on cations and anions 
found in biological samples. At the concentrations used in the extrac- 
tion procedure and the gas chromatographic process, none of the 
fifteen ions studied interferes appreciably. 

THE analysis of metals by gas chromatography has been the subject of recent intense 
research activity as a result of the remarkable sensitivity, simplicity, and speed of the 
technique. l-ls In addition, interferences by co-occurring elements are much less 
frequently encountered in the gas chromatographic technique than in other methods 
for metal analysis, because the components of the sample are simultaneously separated 
and measured. 

The utilization of fluorinated ligands offers significant advantages over the use of 
the protonated analogues for the formation of volatile metal chelates. The volatility 
and the excellent response of the electron capture detector for metal complexes 
derived from trifluoroacetylacetone, the anion of which may be depicted as 

cFJ_c~=~~ TFA * I 
make this compound one of the most promising chelating agents in quantitative 
analyses.l*s-u The ease of quantitative extraction with this complexing agent is 
another attractive quality.6-7~10*20 M orie and SweeP and Moshier and Schwa&erg’ 
have demonstrated that samples of alloys, and aqueous solutions of mixtures of 
aluminium, gallium and indium, can be analysed by gas chromatography of metal 
trifluoroacetylacetonates formed by solvent extraction. In these studies, the sen- 
sitivity of the methods developed was limited by the type of detector (thermal con- 
ductivity) employed. If electron capture detectors are used, the method becomes 
much more sensitive. Indeed the technique is more sensitive for some elements than 
are neutron-activation, atomic-absorption, or other classical methods now in use. 
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In this study it has been established that beryllium is detectable in quantities as 
low as 4 x 10-ls g when the electron capture detector is used in the measurement 
of the trifluoroacetylacetonate chelate. This observation stimulated research to 
establish a rapid quantitative analytical method for beryllium at extremely low 
concentrations, based on gas chromatography. 

EXPERIMENTAL 

Apparatus 

Gas chromatography. An ionization detector (diode type) cell, Model A-4150, was used in a 
Barber Colman Model 20 gas chromatograph. This detector was used in a non-pulsed electron 
capture mode by reducing the cell potential from a modified power supply. The maximum accessible 
cell potential was 200 V. The original electrometer was modi6ed to improve the sensitivity. Re- 
arrangement of the circuit provided for stepped multiplication of 1,2, 5, and 10 times the original 
signal available to the recorder. 

Gas chromatographic columns were fabricated from Teflon (DuPont) tubing because of its inert 
characteristics. Borosilicate glass was chosen for fabrication of injection port liners. These inert 
materials served to reduce the likelihood of sample decomposition. As in the chromatography of all 
potentially toxic compounds, it is strongly recommended that the effluent carrier gas stream be 
vented to a fume hood, or at least passed through a carefully tended cold trap. 

Mixer. The agitation of the reagents during equilibration in the solvent extraction step was 
achieved by using a Spex Industries, Inc. Mixer/Mill. 

Samples (ranging m size from 1 to 10 ,ul) of the organic solutions were introduced into the glass- 
lined injection port of the gas chromatography apparatus with a Hamilton microsyringe. 

y-Cowtter. Model VSlB Well-Type Scmtdlation Counter and a Model DSIB Scaler purchased 
from Nuclear Measurements Corporation. 

Reagents 

Beryilium trij?uoroacetyIacetonate. The synthesis of beryllium trifluoroacetylacetonate was 
conducted in a fume hood, with care being exercised to ensure that the samples did not wntaminate 
the laboratory. Metallic beryllium was dissolved in perchloric acid and the solution was used to 
prepare Be(TFA), by solvent extraction. I1 The crystalline product was isolated by evaporation of 
the benzene layer. The identity and purity of Be(TFA), were determined by measuring melting points 
(authentic samples melt at 112 f 1 ‘l****) and obtaining emission spectrographic and infrared 
spectrophotometric data. 

We have recently established that powdered samples of elemental beryllium and numerous other 
metals react directly with tritluoroacetylacetone or other fluorocarbon B-diketones to form the 
corresponding metal chelates.” 

Standard solutions were prepared by dissolving weighed amounts of Be(TFA), in Mallinkrodt 
Nanogradequality or Matheson Coleman and Bell Pesticidequality benzene. The solutions were 
never stored longer than 24 hr (in polyethylene bottles) before the calibration curve measurements 
were made. The calibration points were obtained by injecting varying amounts of solutions of three 
concentrations: 7.04 x 10-t glml, 1.41 x lo-’ g/ml, and 2.82 x lo-* g/ml (weight of chelate per 
ml; all other concentrations are expressed in weight of beryllium per ml). 

Beryflium. Standard aqueous solutions of beryllium(I1) were prepared by dissolving 0.0515 g of 
high purity metallic beryllium in concentrated perchloric acid, then heating, filtering, and diluting 
with triply distilled water. Parent solutions were stored in polyethylene bottles, and solutions 
containing less than 5OOppm were prepared just before the experiments were performed. Four 
wncentrations were used: 1.18 x 10-t g/ml, 1.18 x lo-* g/ml, 2.95 x 10-e g/ml, and 8.84 x BY0 
glmL 

Solutions containing tracers were made by adding radioactive Be (Nuclear Science and 
Engineering Corporation) to naturally occurring ‘Be solutions. An amount of ‘Be sufficient to yield 
a concentration of 2 x 10-*s g/ml was added after it was determined that this concentration provided 
a convenient radioactivity level yet did not affect the response of the electron capture detector (1 ml 
of the radioactive solution produced approximately 80000 wunts/min at 950 V). 

7Wj?uoroacetyIacetone. For the solvent extraction studies a O+lOSM solution of trifluoroacetyl- 
acetone (Pierce Chemical Co.) in benzene was employed. 
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Analytical procedure 

A l-00-ml aliquot of the aqueous solution of beryllium to be analysed was measured into a 
borosilicate &s-s culture tube (75 mm x 16 mm. with a volume of 9 ml). To this was added 1.00 ml 
of a solutiocof the chelating a‘gent [O-005M sol&ion of H(TFA) in benzene] and l+lO ml of sodium 
acetate buffer solution (l&f). The vessel was sealed with a screw cap [fitted with Teflon tape (DuPont) 
under the cap to prevent leakage]. The tube was then shaken for 1 hr in the Spex Mixer/Mill agitator. 
The sample was centrifuged until the organic and aqueous layers were completely separated (1 min 
is adequate). An aliquot of the organic layer (O-50 ml) was transferred to a fresh vial, and an equal 
volume of 0.OlM aqueous sodium hydroxide was added to remove the excess of uncomplexed @and. 
The mixture was immediately shaken (manually) for 15 sec. the washed organic layer was quickly 
separated, and the gas chromatographic measurements were made. The washed organic layer was 
introduced as l-O-~1 (or larger at very low Be concentrations) samples into the gas chromatography 
apparatus by means of a microsyringe. Five replicate analyses were made. Standard solutions of 
Be(TFA), in benzene were analysed periodically to obtain and check the calibration curve. 

Znstrument operating conditions 

In this kvestigition the following instrumental operating conditions were utilized. 
Column dimensions. 4 ft x 0.06 in. bore. DuPont Teflon 
Column packing, 5 k SE52 (methyl-ph&yl) silicone gum rubber on 60-80 mesh Gas Chrom Z 

(Applied Science Laboratories) 
Column temperature, 80” 
Column effluent flow-rate, 50 ml/min 
Column inlet pressure, 28 psig 
Eluent, prepurified nitrogen 
Detector voltage, 10 V 
Scavenger flow-rate, 214 ml/min, prepurtied nitrogen 
Injection port temperature, 168” 
Detector temperature, 200” 

RESULTS AND DISCUSSION 

Beryllium trifluoroacetylacetonate can be quantitatively determined by gas 
chromatography in even smaller amounts than those reported for other metal tri- 
fluoroacetylacetonates. The beryllium chelate is easily eluted and an excellent peak 
is obtained at a column temperature of 80’ (Fig. 1). 

A calibration curve was made by analysing standard solutions of Be(TFA), in 
benzene. The calibration curve (Fig. 2) consists of a plot of the chromatographic 
peak heights and peak areas us. the logarithm of the weight of beryllium. Periodic 
analyses of freshly prepared standards should be made to ensure that the detector 
response is stable and unchanged relative to that indicated by previously determined 
calibration curves. Standard solutions prepared from weighed amounts of Be(TFA), 
can be analysed alternately with the unknowns to recheck the calibration curves. 

Solvent extraction methods were used to convert the beryllium in aqueous samples 
into Be(TFA), with concomitant transfer to the organic phase. A substantial excess 
of the chelating agent must be present to ensure near-quantitative extraction of the 
beryllium from the aqueous phase and to prevent excessive absorption losses on the 
walls of the vessels. Trifluoroacetylacetone is eluted just prior to the beryllium 
chelate and exhibits such pronounced tailing that the presence of large amounts of 
H(TFA) presented a serious problem because of the overlap of the H(TFA) and 
Be(TFA), chromatographic peaks. This difficulty is illustrated in the first chromato- 
gram in Fig. 1. When the organic phase is washed with sodium hydroxide solution, 
however, the excess of unreacted ligand is removed from the organic layer, and the 
interference is eliminated. The second chromatogram in Fig. 1 shows the effect of 
treatment with the sodium hydroxide solution. 
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FIO. I.-Chromatogram obtained from injection of a l-,ul sample of the extracted 
organic layer before (left) and after (right) washing with aqueous sodium hydroxide. 

The sample contained 2.7 x lo-l1 g of beryllium. 

Fro. 2.-Calibration curve prepared from standard solutions of Be(TFA), in benzene. 
-ePeakheights;---O---Peakareas. 

Several precautions should be observed in the handling of the extremely dilute 
samples. At higher concentrations difficulties are not ordinarily encountered, but 
losses of various ionic and molecular species by adsorption on the walls of storage and 
reaction vessels becomes much more significant at lower concentrations. One may 
minimize losses by the use of vessels with low adsorptive properties and by keeping 
to a minimum the storage time of dilute solutions containing beryllium. 
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The analytical results obtained on unknowns are shown in Table I. The values 
obtained are consistently a little low due to losses incurred in the extraction and wash 
steps. Reasonably good accuracy was achieved considering the extremely small 
quantities being determined. If greater accuracy is desired, this can be achieved at 
some loss in convenience and time by the use of tracers to measure the losses and 

TABLE I.-BERYLUUM DETERMMATfON BY GAS CHROMATOGIUPHY WlTHOUT TlUfXRS 

Be Be measured 
Sample Sample Be detected ’ Mean Relative 

no. size. PI by G.C., g ;c;z G.C:‘g,ml error, g/ml error, % 

1A 

:E 
1D 

Mean 
2A 
2B 
2c 
2D 

Mean 
3A 
3B 
3c 
3D 
3E 

Mean 

:; 
4C 
4D 
4E 

Meall 

z: 
5c 
5D 
5B 

Meall 
6A 

z 
6D 
6B 

MW 

2.12 x lo-” 1.18 x lo-’ 1.06 x 10-1 
212 x 10-l’ 1.06 x lo-’ 
214 x 10-l’ 1.07 x lo-’ 
1.97 x IO-” 0.99 x 10-T 
2.09 x 10-l’ 1.05 x lo-’ 
2.16 x lo-” 1.18 x lo-’ 1.08 x lo-’ 
2.16 x lo-” I.08 x lo-’ 
2.02 x 10-1’ 1.01 x lo-’ 
2.18 x IO-‘l 1.09 x IO-’ 
2.13 x lo-” 1.07 x lo-’ 
1.14 x lo-” 1.18 x lo-’ I.14 x 10-a 
1.13 x lo-‘1 1.13 x IO-’ 
1.15 x lo-” 1.15 x 10-a 
I.10 x lo-” I.10 x 10-8 
1.10 x lo-‘1 1.10 x lo-’ 
1.12 x 10-l’ 1.12 x IO-@ 
1.14 x IO-” 1.18 x lo-* 1.14 x 10-a 
1.13 x lo-” 1.13 x 10-a 
1.16 x lo-” 1.16 x lO-s 
1.08 x lo-” 1.08 x IO-’ 
1.10 x lo-11 1.10 x 10-e 
1.12 x lo-” 1.12 x 1oJ 
2.88 x 10-l’ 2.95 x lo-’ 2.88 x lo-’ 
2.69 x lo-” 2.69 x lo-’ 
279 x 10-l’ 2.79 x 10-a 
2.63 x 10-l’ 2.63 x lo-’ 
274 x lo-” 2.74 x lo-’ 
2.75 x 10-l’ 2.75 x lo-, 
6.11 x IO-” 8.84 x lo-~@ 7.64 x 10-l” 
5.84 x 10-l’ 7.30 x lo-10 
5.84 x 10-l’ 7.30 x lo-‘0 
6.15 x 10-l’ 7.69 x lo-10 
6.15 x 10-l’ 7.69 x 10-l” 
6.02 x 10-l’ 7.52 x KF” 

-1.3 x lo-* 

-1.1 x IO-’ 

-6.0 x lo-10 

-6.0 x UF” 

-29 x lo-‘@ 

-1.32 x lo-lo 

11.0 

9.3 

5.1 

5.1 

6.8 

14.9 

permit recalculation of the beryllium concentration with the losses being taken into 
account. In four analyses, the losses were determined by independent radiotracer 
measurements to be 2.5, 2-5, 2-O and 3.0% respectively. When the losses are taken 
into account, the relative errors fall to the values shown in the last column of Table 
II. Accordingly, when tracers are used, the relative errors are reduced from 5-l to 
2.5 % for the two 1.18 x lo-8 g/ml samples, from 6-8 to 4.7% for the 2.95 x lO_, 
g/ml sample, and from 14.9 to 12-l % for the 8.84 x 10-l” g/ml sample. Experience 
with particular types of samples in a given concentration range may permit one to 
estimate loss correction factors that will effectively improve the accuracy without the 
use of tracers. 
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TABLE IL-IMPROVEMBNT OF ACCURACY BY sIMuLTANEous USE OF TRACERS WITSl 
QAS CHaohwrooaAPHY MaAsuaEMa~ 

% Be lost, Corrected result Relative 
Be taken determined based on tracer error %, 

Sample in aqueous 
Be measured by 

G.C., g/ml by tracer measurements, with tracer 
I10. p-9 gM (av. of 5 runs) measurements glml corrections 

: 
1.18 x 1O-L 1.12 x 10-s 

;:; 
1.15 x 10-e 2.5 

1.18 x 10-O 1.12 x 10-5 1.15 x 10-e 2.5 
2.95 x IO-@ 2.75 x lo-’ 2.0 2.81 x 10-O 
8.84 x 10-l” 752 x lo-‘0 3.0 7.77 x lo-‘0 142.: 

It is expected that this analytical technique should be useful in biomedical systems 
for determination of trace amounts of beryllium. Previous workerss27 have discussed 
in detail the digestion and dissolution of a variety of samples to prepare aqueous 
solutions for analysis. It was necessary to design experiments to determine whether 
several naturally occurring cations and anions interfere in either the extraction or the 
chromatographic steps of the analysis. Table III shows the results of the interference 

TABLB If.T.-MCa SrUDrIS ON THE EXllUcIIoN AND G.C. ANALYSIS 

OF BeRYLLnJM(n) 

Compound 
Concentration, 

glml Be, glml 

Be(TFA), peak heights, mm 

With anion Without anion 
Ratio or cation or cation 

A. &ions 
CaCI,*2H,O 9.70 x 10-e 537 x lo-* 200/l 120 120 
C~(HJ’U*HIG 1.99 x 10-e 5.37 x 10-e 4011 120 120 
KNO, 9.94 x 10-a 5.37 x IO-8 200/l 120 120 
Na&% 2.41 x lo-’ 5.37 x 10-a 400/l 120 120 
NaF 6.01 x IO-@ 5.37 x IO-8 100/l 121 120 

Mixture of anions 
CaCI,.2H,O 5.82 x 10d 
Ca@U’C&H,O 1.19 x 10-S 
KNO, 5.96 x lo-* I 5.37 x 10-0 564/l 119 120 
N%SG, 1.45 x 10-6 
NaF 6.01 x 10-O 

B. Mixture of cations 
Al 140 x 
co 1.40 x 
cu I.40 x 
Fe 1.40 x 1.18 x 1O-8 118/l 10 10 
Mg 140 x 
Mn 1.40 x 
Zn 140 x 

studies. None of the species evaluated caused any appreciable interference at the 
concentrations used. Scribner” noted that strong interference occurred in the 
extraction of beryllium when fluoride was present at a concentration of 0.25iU. He 
has recently independently confirmed that fluoride concentrations below IWM do 
not interfere with the extraction of beryllium. 21 At intermediate fluoride concen- 
trations partial extraction occurs. Consequently, if tluoride concentrations greater 
than 10-4M are expected, tracers should be used to establish the percentage of beryllium 
extracted. 
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It is significant that quantitative extractions can be effected in the presence of 
EDTAF Therefore, should it be necessary, gross quantities of numerous co-occurring 
metal ions could be retained in the aqueous layer by use of this masking agent. 

If desired, the effective sensitivity of this technique could probably be improved 
by various modifications. Since only a very small portion (5 ~1) of the organic phase 
is used in the chromatographic analyses, perhaps the organic solution could be 
concentrated to improve the effective sensitivity. An alternative approach is to use 
smaller aliquots of benzene with higher concentrations of the chelating agent, thereby 
producing a greater concentration of the complex in the benzene layer after extraction. 
These options could be exercised in addition to the obvious expedient of precon- 
centration of the aqueous solution to be analysed. 

AcknowZe&menr-The authors wish to thank Mrs. Geneva Harris for her excellent technical 
assistance. This paper was presented in part at The Sixth International Symposium on Gas Chroma- 
tography, Rome, Italy, September 1966, and preliminary results were reported in the Proceedings. 

Zusammenfassung-Mit dem Elektroneneinfangdetektor wurden Ultra- 
spurenmengen Beryllium gemessen. die gaschromatographisch als 
Beryllium(U)-trifluoracetylacetonat abgetrennt wurden. Die untere 
Nachweisgrenze ist etwa 4 - 1O-18 g Beryllium. 
8 - 10-l” bis 4 * lo-” g Beryllium. 

Eichkurven gehen von 
Berylliumproben in wiiDriger Liisung 

wurden bei vier Konzentrationen (1,18 - lO_‘, 1,18 - lO_*, 2,95 - 10-O 
und 8,84 * IO-10 g/ml) quantitativ durch Kombination von fltissig- 
fliissig-Extraktion und Gaschromatographie analysiert. Die Verteilung 
von Beryllium wlhrend der Extraktionsvorgslnge wurde unabhiingig 
mit radioaktivem Beryllium bestimmt, der Gebrauch von Tracem ist 
jedoch bei dem empfohlenen Verfahren nicht notwendig. Die Stbnmg 
durch in biologischen Proben vorkommende Kat- und Anionen wurde 
untersucht. Bei den bei der Extraktion und bei der Gaschromatog- 
raphie verwendeten Konzentrationen start keines der untersuchten 
fiinfxehn Ionen merklich. 

R&&-On a utilM le detecteur il capture d%lectrons pour mesurer 
des ultra-traces de beryllium s6pare a l’ttat de trifluoroa&ylac&onate 
de b&yllium(II) par des techniques de chromatographie en phase 
vapeur. La limite inferieure de detection est d’environ 4 x 10-l* g 
de beryllium. Les courbes d’etalonnage vont de 8 x 10-l* a 4 x 10-11 g 
de beryllium. On a analyd quantitativement des &chantillons de 
beryllium en solution aqueuse ii quatre concentrations (1,18 x l(r’, 
1,18 x lO_*, 2,95 x lO+ et 8,84 x 10-log/ml) en combmant l’ex- 
traction par solvant et la chromatographie en phase vapeur. Le 
partage du beryllium pendant les techniques d’extraction a ette deter- 
mine independamment par l’emploi de b&yllium radioactif mais 
l’utilisation de traceurs n’est pas necessitee par la technique re- 
command& On a Ctudie l’interference de cations et d’anions que 
l’on trouve dam des echantillons biologiques. Aux concentrations 
utilisees dans la technique d’extraction et la methode de chromatog- 
raphie en phase vapeur, aucun des quinze ions ttudies ne g6ne de 
facon appreciable. 

REFERENCES 
1. D. K. Albert, Anal. Gem., 1964,36,2034. 
2. T. Fujinaga, T. Kumamoto and Y. Ono, Nippon Kagaku Zasski, 1965,&I, 1294. 
3. R S. Juvet, Jr. and R. P. Durbin, Anal. Chem., 1966,38,565. 
4. R. S. Juvet, Jr. and R. L. Fisher, ibid., 1966, 38, 1860. 
5. G. P. Morie and T. R. Sweet, ibid., 1965,37, 1552. 
6. Idem, Anal. Chim. Acta, 1966,34,314. 
7. R W. Moshier and J. E. Schwarberg, Talanta, 1966, 13,445. 
8. R. W. Moshier and R. E. Sievers, Gas Chromatography of Metal Chelates. PergamonPress,Oxford, 

1965. 



94 Wm D. Ross and &BERT E. Sravnks 

9. W. D. Ross. AnaI. Ckem., 1963,35,1596. 
10. W. D; Ross; R. E. Sievers and G. wheeler, Jr., ibid. 1965,37,598. 
11. W. D. Ross and G Wheeler. Jr.. ibid.. 1965.37.598. 
12. J. E. Schwa&erg, R. W. M&e; and;. H. k&h, Tukmra, 1964, 11,1213. 
13. R E. Sievers, J. C. Connolly and W. D. Ross, J. Car CZtromutog., 1967, 5, 241. 
14. R E. Sievers, G. Wheeler, Jr. and W. D. Ross, Advances in Gas Ckromato upky, Ed. by A 

fr* Zlatkis and L. S. Ettre, p. 112. Pteston Technical Abstracts Co., Evanston, lhnois, 1966. 
15. R E. Sievers. G. Wheeler, Jr. and W. D. Ross, Anal. Ckem., 1966,38,306. 
16. D. Tsurumatsu, Y. Ishihara, K. Sato and K. Nalcasawa, Bunseki Kapku, 1966,15,181. 
17. H. Veening, W. E. Bachman and D. M. Wiin, Z. Car CZiromutog. 1%7,5,248. 
18. F. M. Ado and R. S. Juvet, Jr., AnaZ. Ckem., 1966,38,569. 
19. W. G. Scribner, M. J. Botchers and W. J. Treat, ibid., 1966,38,1779. 
20. W. G. Scribner, W. J. Treat, J. D. Weis and R. W. Moshier, ibid. 1965,37,1136. 
21. W. G. Scribner, private communication. Work performed under U.S. Air Force Contract AF 

33(615)-1093. 
22. R A. Staniforth, Doctoral Dissertation, Ohio State University, 1943. 
23. J. Cholak and D. M. Hubbard, Anal. Ckem., 1948,20,73. 
24. H. A. Laitenen and P. Kivalo, [bid., 1952,24,1467. 
25. C. W. Sill and C. P. Willis, ibid., 1959, 31, 598. 
26. T. Y. Toribara and R. E. Sherman, ibid., 1953,25, 1594. 
27. J. Walkley, Am. Znd. Hyg. Assoc. J., 1959,20,241. 



Tnlmii. 1968. Vol. 15. pp. 95 to 106. Pcrgamon Rcsl. hinted in North- IRJ~ 

FLAVONES AS ANALYTICAL REAGENTS-A REVIEW 

MOHAN KATYAL 

St. Stephen’s College, Delhi-7, India 

(Received 4 JuIy 1967. Accepted 3 August 1967) 

S--A review is given of the use of ilavones as spectrophoto- 
metric, fluorimetric and gravimetric reagents for metals and a few 
non-metals. 

FLAVONBS are compounds of plant origin, the study of which has given insight into 
such subjects as fermentation of tea, tanning of leather, manufacture of cocoa and 
flavour of foodstuffs. Flavonoids are used as anti-oxidants, flavonols being better 
than other flavones. The a&unsaturated ketonic structure of the pyrone ring, a free 
hydroxyl group in the 3-position and the free o-dihydroxy grouping are responsible 
for the anti-oxidant activity. l Geissman’s recent books presents an excellent review 
of almost all aspects of flavonoid chemistry except the analytical utility of the com- 
pounds. In the present communication, the usefulness of these compounds as 
analytical reagents is reviewed. They are sensitive and can be made selective by 
controlling the pH, extracting the complex into some suitable solvent or by using 
appropriate masking agents. 

The flavonoid nucleus is composed of two units, the C, unit ring A, and the Cs-C, 
fragment, rings B and C, numbered as shown in (I): 

The reactions of rings A and B are more or less those of any aromatic compound but 
the reactions of the pyrone ring C are typical of the flavones. Although ring Ccontains 
the carbonyl group a flavone does not react with carbonyl reagents such as hydroxyl- 
amine, semicarbazide or phenylhydrazine. Treatment with alkali opens the pyrone 
ring to yield a 1: 3 diketone which may be further degraded. The carbonyl group 
together with the double bond constitutes a conjugated system which accepts hydrogen 
in different modes. 

Flavonoids contain a highly conjugated aromatic system and consequently 
exhibit intense and characteristic absorption spectra, usually measured in ethanol. 
Dissociation of the flavonoid or chelation with various reagentPs causes shifts in the 
spectra which give additional information regarding the structure of the flavonoid. 
Flavones and flavonols (fhydroxyflavones) generally exhibit two regions of intense 
absorption which fall in the ranges 320-380 rnp (Band I) and 240-270 rnp (Band II).= 

Complex-formation by flavonoids with aluminium has long been used for the 
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detection of certain hydroxy groups in these compounds. Flavonoids which do not 
contain a free hydroxyl group at position 3 or 5 are unable to form complexes on 
addition of ahrminium chloride solution and their spectra are not signikantly changed 
by addition of this reagent. 

5-Hydroxyflavones form stable yellow complexes of type (II).14 The complexation 
leads to appreciable bathochromic shifts of Bands I and II. 

2+ 

Flavonols form complexes with ahuninium which are stable even in dilute hydro- 
chloric acid. The complexation of the 3-hydroxyl group with the metal results in a 
tlavylium structure (III) which is greatly stabilized by its partly aromatic character.r~ 

Chelation can also take place when two hydroxy groups are present ortho to each 
other in ring B. l4 By virtue of these chelating centres the flavonoids react with metal 
ions, sometimes quite selectively, and owe to this their analytical importance. Con- 
siderable use has been made of the &rvonoids in the detection and determination of 
ions. On the other hand, the study of the metal complexes has revealed a number of 
more or less specific tests for the presence of certain hydroxy groups in the flavone 
molecule. For example, KaMo16 has shown that niobium is chelated by flavonoids in 
acid solution by means of a carbonyl group and a hydroxyl group ortho to each other. 
In neutral solution niobium also reacts by means of two o-hydroxy groups in ring B. 

5-Hydroxyflavones do not form complexes with niobium. Similarly, it has been 
concludedr&-la that the formation of an orange chelate with the uranyl ion is a positive 
test for the presence of the Ehydroxy group in the flavone molecule. 

The flavonoids which have been most used as analytical reagents are flavonols 
such as morin, quercetin, galangin, robinetin, myricetin, etc. They are more sensitive 
than the 5-hydroxyflavones, which are also used as reagents. The compounds can 
either be extracted from the specific plant or synthesized. The preparations of the 
analytically important compounds are briefly indicated. 

Morin (3,5,7,2‘,4’-pentahydroxy~ne). It occurs in the wood of Artocarpus integr$&ale and 
Toxylon pomi/euti and can be synthesized .*lJa The ground heartwood of Artocarpus integri/oIia~ 
is extracted for 6 hr with ten times its weight of boiling water, and the light brown extract, while 
still hot, is treated with lead acetate solution till precipitation is complete. The lead salt is filtered off 
and decomposed with hydrogen sulphide. Morin, thus obtained, is crystallixed from acetic acid as 
colourless needles (m.p. 300”, d.). The compound is also commercially available. 

QuerceGn (3,5,7,3’,4’-pentahydroxywne). To extracta this commercially available compound, 
the flower petals of red or yellow roses are extracted with boiling ethanol and the alcoholic solution 
concentrated under reduced pressure. The impurities are removed by repeatedly shaking the con- 
centrate with petroleum ether. After the residue has been boiled with 7 % sulphuric acid for 2 hr, 
it is extracted with ether to yield a mixture of quercetin and kaempferol. The queratin is stripped 
from the ether extract with aqueous borax solution and then precipitated by addition of acid (m.p. 
312”). It can also be s thesized.“ 

x” G&@I (3,5,7-1r y&oxypmrOne It is extracted from the sodium carbonate soluble portion 
of the ether extract of the rhizomes of Alpinia o@cinarum Hazes6 and the wood of Pinus gr$ithii.a’ 
Robhrson and co-workers*~~** have synthesized the flavonol (m.p. 217-218”). 
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Robinetin (3,7,3’.4’,5’-pentuhydroxyflmone). Thii commercially available compound occurs in 
the wood Robiniapseudoacaci~ and is synthesizeda by heating in uucuo a mixture of UJ-methoxy- 
resacctophenone, and the sodium salt and anhydride of trimethylgallic acid; robinetin 3.3’,4’,5’- 
tetramethyl ether is obtained. Demethylation of the ether with hydriodic acid gives robinetin. 

Mj&etin (3,5,7,3’,4’,5’-bexuhydroxyykme). The compound (m.p. 357-360’) is isolated from 
the leaves,** wood,= berries, bark and stem u.u of many plants, or can be synthesized.” 

Quercetugetin (3,5,6,7,3’,4’-hexahydroxyflmone). It can be extracted from the flowers of T’etes 
erectti’ and the wood of Acacia catechu .m Its synthesis is given by Baker et ui.” and it melts at 325”. 

METAL COMPLEXES 
Flavonoids form complexes with metal ions such as Al(III), Be@), Fe(III), 

MO(W), U(W), Th(IV) and Zr(IV). Many of the complexes fluoresce and many are 
an intense yellow or orange. The structures in most cases are only tentatively 
suggested. 

Aluminium 

An alcoholic solution of morin- reacts with aluminium ions in neutral or 
acetic acid medium to give an intensely green fluorescent compound with structure of 
type(I1). It also reacts with Be, 48 Ga, In, Th and Sc44.05 but the reactions are pH- 
dependent. On dropping neutral or slightly acidic test solution (containing not less 
than 0405 ,ug of Al) on filter paper impregnated with morin, a green fluorescence 
appears which can be observed in ultraviolet light and is resistant to 2M hydrochloric 
acid. Zirconium interferes. The fluorescence reaction has also been used in deter- 
mination of aluminium.‘6*47 SchantP reported a 1:3 complex, but a 1: 1 complex 
has also been reported.47 QuercetW has also been used for determination of 
aluminium. 

Beryllium 

In alkaline solution beryllium4Q~~ produces a yellowish green water-soluble 
fluorescent compounds1 with morin, which in contrast to the aluminium complex 
is stable towards alkali. The reaction can be made specific for beryllium by mashing 
interfering ions such as Ti(IV), Sn(IV), Al, Fe(III), Cr(III), Mg and Ca with ammo- 
niacal EDTAP SandelP has developed the reaction into a very sensitive fluorimetric 
method (sensitivity 0401 ppm) for beryllium. The estimation is done in strongly 
alkaline medium with potassium cyanide and EDTA as mashing agents, and the 
fluorescence is excited with 365m,u radiation. The method has been further improvedW 
to detect submicrogram quantities (04004 peg of Be) and to determine 0.2 pg of 
beryllium with a precision of about 1%. 

Boron 

The use of morin has been described for the fluorimetrifl and spectrophoto- 
met&9 determination of boron. A solution containing boron is made alkaline with 
sodium carbonate, evaporated nearly to dryness and neutralized with 1M hydro- 
chloric acid. This is followed by addition of 1.5 ml each of 1M hydrochloric acid, 
O-1 % oxalic acid solution and 0.02 % alcoholic morin solution and the mixture is 
evaporated to dryness on a water-bath and then heated in an air-oven at 110” for 30 
min. The residue is extracted with acetone and made up to 25 ml in the same solvent. 
After 30 min the fluorescence of the acetone extract relative to lW% sodium 
fluoresceinate (uranine) solution is measured. Beer’s law is obeyed over the range 
05-12 pg of boron. 
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Quercetin, by virtue of its similarity to morin in reactive grouping, is also used in 
the photometric determination of boron. 57 The coloured boratequercetin complex 
has a mole ratio of 1: 1 and obeys Beer’s law over the range O-0.50 ppm of boron at 
445 rnp. The method has been applied satisfactorily to determine boron in graphite 
samples. 

Gallium 
A method for determination of gallium is based on the chloroform extraction of a 

fluorescent compound from cu. 1 M hydrochloric acid solution treated with cupferron 
and morinss The method, however, lacks selectivity. 

Germanium 
Germanium50*60 forms a yellow complex with quercetin between pH 6.4 and 7.1. 

The complex has maximum absorption at 410 m,~. The reagent has been suggested 
for determination of germanium but it is not selective. 

Hafiium 
Quercetin has been used for spectrophotometric determination of hafnium in 

xirconium.61 The method is based on the effect of hydrogen peroxide on the xirconium- 
quercetin complex. It is claimed that 0.1 mole % of hafnium in zirconium can be 
estimated. 

Iron 
The reaction of iron(II1) with quercetin to give an olive green colour is used to 

detect iron with a sensitivity of 3 pg of iron. 68 The compound quercitrin behaves in a 
similar way. 

Molybdenum 
Flavonols are amongst the most sensitive reagents used for spectrophotometric 

estimation of molybdenum, but lack selectivity, so a prior separation of molybdenum 
is essential. The complexes formed by interaction of molybdate with various tlavonoids 
such as morin,@*a quercetin,= dihydroquercetin,ss galangina and r0binetir.P have 
been studied. The yellow morin complexa is extracted with isobutyl methyl ketone in 
hydrochloric acid medium to avoid interference due to certain foreign ions. In this 
method, Be, Mg, Al, Ti(IV), Zr, Th, As(II1) and Cr(II1) can be tolerated in amounts 
up to 10 times that of the molybdenum present. The ratio of molybdenum to morin 
in the complex is 1: 1 and the formation constant is 1.2 x 105. Goldstein et aI.= 
have developed a method in which molybdenum is extracted into a solution of a- 
benzoinoxime in chloroform, after which the complex of molybdenum and quercetin 
is formed in a portion of the organic extract by the addition of quercetin in ethanol. 
The absorbance of the yellow complex is measured at 420 rnp. The method has been 
used in determination of molybdenum in thorium oxide, uranyl nitrate, and steel. The 
complex contains molybdenum and quercetin in the ratio 1: 1 and its instability 
constant is 1.1 x 10-s. 66 Dihydroquercetin has also been used for determining 
molybdenum in steel. The 1: 1 molybdenum-galangin complexs7 has maximum 
absorption at 405 rnp, constant between pH 2-O and 3.2. The complex obeys Beer’s 
law from 2 to 30 ,ug of molybdenum per 12 ml and its stability constant is 3.8 x l@ 
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at pH 2.7. The sensitivity of the reaction is 0.0063 pug MO/cm2 for an absorbance of 
0.001. RobinetirP forms two complexes with molybdenum, the molar ratios being 
1: 1 and 2: 1 (MO: Rob). Between pH 2-O and 3.5 the absorbance is constant. The 
sensitivity of the reaction is 0902 ,ug of molybdenum and it obeys Beer’s law from 
0.08 to 0.56 ppm of molybdenum. The dominant species in the molybdenum- 
myricetitP system contains the two constituents in equimolar ratio. The absorbance 
is maximal and constant between pH 1.5 and 25 and its stability constant has been 
found to be 4.2 x 104 (at pH 2.0). 

Niobium 

Quercetinsulphonic acid [QSA-(IV)] reacts with niobium’O either in neutral or in 
acid solution to give yellow complexes. In neutral solution &,,, shifts to longer 
wavelengths with increase in PH. The absorbance remains constant in the pH range 
5.8-6.5. In sulphuric acid medium maximum absorption is at 412 rnp for an acidity < 
0~45N and 428 rnp for acidity > 1~8N. The system obeys Beer’s law and the molar 
absorptivity is 14.8 x 105. In an attempP to locate the functional group in the reaction 
between quercetinsulphonic acid and niobium, the reactions of some of the flavonoids 
such as cyanidin chloride (V), flavonol (VI) and naringenin (VII) were investigated. 

They react with niobium in acid medium by means of a carbonyl and a hydroxy group 
orrho to each other, but in neutral medium by means of either two o-hydroxy groups 
or a carbonyl and a hydroxy group ortho to each other. The complexes formed at 
pH 3.5 and 6-O are 1: 2 (Nb : QSA) and those formed in 7.2N and 023N sulphuric acid, 
having absorption maxima at about 428 and 412 rnp respectively, are 1: 1. 

Niobium has been precipitated from homogeneous solution with 3, 5, 7, 3’, 4’- 
pentahydroxyflavonone (dihydroxyquercetin) as reagerkn In boiling acid medium and 
the presence of air the flavone is transformed into 3,5, 7,3’, 4’-pentahydroxyflavone 
(quercetin) which precipitates the niobium chelate. Zirconium and molybdenum do 
not interfere but titanium must be absent or present only in traces. If tantahtm is 
present, it is precipitated first, with a small amount of niobium, from sulphuric acid 
solution containing ammonium oxalate; niobium remains in solution and is then 
precipitated at higher acidity. The small amount of niobium oxide in the tantalum 
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oxide can be quickly and reliably determined spectrophotometrically with concen- 
trated sulphuric acid and hydrogen peroxide. 

Phosphorus 

An indirect fluorimetric method” has been developed for determining trace 
quantities of phosphate. The method depends on the ability of the phosphate to 
quench the aluminium-morin fluorescence. Ions that compete with aluminium for 
morin or are highly coloured interfere, and phosphate must be separated from them. 
Of the chelates of aluminium, gallium and zirconium with morin, 3-hydroxytlavone 
and quercetin, the ahuninium-morin system has been found to be the most satisfactory 
for determination of phosphate. 

Rare earths 

The complexation between flavonoids and rare earths has been investigated.rs*7* 
The studies include the reactions of morin, quercetin, kaempferol (3,5,7,4’-tetra- 
hydroxytlavone), diosmetin (5,7,3’-trihydroxy-4’-methoxyflavone), apigenin (5,7,4’- 
trihydroxyflavone), fisetin (3,7,3’,4’-tetrahydroxyflavone), naringenin, myricetin, 
robinin (3,7diglucoside of kaempferol) and rutin (5glucoside of quercetin) with 
praseodymium, gadolinium, hohuium and yttrium as representatives of different 
families of rare earths. The reagents which do not contain a 3-hydroxy group or which 
have this group blocked are incapable of forming complexes with lanthanides. The 
complexes are formed through the 3-hydroxy and Ccarbonyl groups and contain 
lanthanide and flavonoid in the ratio 1: 1 or 1:2. Hohnium complexes are more 
stable, possibly owing to the lanthanide contraction. 

Scandium 

Morin has been suggested as a sensitive fluorescence reagent for sca.ndiumW in 
neutral or slightly acidic medium. Scandium salts of organic acids can be extracted 
from aqueous medium into organic solvents such as butyl alcohol, ethyl acetate and 
amyl alcohol. Morin is mixed with the organic phase to produce a greenish fluores- 
cence. 

Tantalum 

Tantalum has been precipitated in the same way as niobium from homogeneous 
solution with dihydroxyquercetin7r as reagent. The small amount of niobium which 
co-precipitates can be estimated spectrophotometrically with concentrated sulphuric 
acid and hydrogen peroxide. Zirconium and molybdenum do not interfere but 
titanium must be absent. 

Thorium 

The flavonoids rank among the extremely sensitive reagents for determination of 
thorium. Quercetin7s forms a yellow complex with thorium and exhibits &, from 
420 to 425 rnp. The absorbance of the complex is constant from pH 2.7 to 3.5 and 
it obeys Beer’s law over a concentration range of 10 to 150 lug of thorium in 25 ml. 
The complex contains quercetin and thorium in the ratio 2: 1 and its dissociation 
constant is approximately l-2 x 10-i”. Many ions interfere seriously but thorium 
can be effectively separated by a combination of ion-exchange separation and thenoyl- 
trifluoroacetone extraction. In the presence of ascorbic acid and thiocyanate, 5-10 
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times as much iron, uranium and rare earths do not interfere with the thorium 
estimation.76 

The reaction between thorium and morin takes place in slightly acid chloride or 
nitrate solution to give the 1: 2 (Th: Mor) complex. 

The reaction is instantaneous and quite sensitive (0.007 pg ThO&m* for an 
absorbance of 0.001 at 410 mp). It has been used for spectrophotometric77 and 
fluorimetric? determination of thorium. In a methodm for estimating thorium in 
urine, with morin as reagent, inorganic constituents are removed by double pre- 
cipitation with hydrofluoric acid in the presence of lanthanum as collector. 

Complex formation between thorium and rutirP (molar ration 1: 2) has been used 
for absorptiometric determination of thorium. The complex obeys Beer’s law over 
the concentration range 1.1~23.2 ppm of thorium and its absorption spectrum is 
constant between pH 3-O and 4.0. Kannosl has reported the formation of two yellow 
coloured chelates at different pH values with quercetinsulphonic acid. The compound 
is used for determination of thorium. Other flavonoids investigated include robinetin,a 
myricetin,6e galangin,88 melanoxetin,” chrysin,84 3-methylgalangi# and norwo- 
gonin.” The flavonols are 4-5 times more sensitive towards thorium ‘than the 5- 
hydroxyflavones are. The complexes are 1: 1. The stability constants range from 104 
to W. 

Tin 

Morin gives an intense light green fluorescence in contact with traces of ammoniacal 
tin solutio+ (sensitivity 0.05 rug of Sn). The reagent also gives fluorescence with 
other alkaline metal solutions, but the reaction with tin can be made specific by 
using a solution containing SnSs”- ions, obtained by treating the tin solution with 
yellow ammonium sulphide and subsequently adding dilute hydrogen peroxide. 
FlavonoP has been used for the fluorimetric determination of tin(W) in 05-N 
sulphuric acid medium. 

Titanium 

Acidic titaniumss solution reacts with morin to give a yellowish brown chelate 
in which titanium is bound in an anionic species. The interferences due to zirconium 
and thorium is eliminated by precipitating them with phosphoric acid. Iron(m) 
should be reduced to iron(U). The test is quite sensitive and the limit of identication 
of titanium is 0.01 pg. Titanium has been determined with morin by dispersing the 
insoluble complex in polyvinyl alcohol to obtain a clear solution; in this way, l-50 fig 
of titanium can be determined spectrophotometrically at 420 rnp, the LX of the 
complex.ss 

Titanium(IV) reacts with rutin (3-glucoside of quercetin) giving a deep orange- 
red water-soluble complex (LX 440 mp). The complex is very stable and obeys 
Beer’s law in the concentration range OQ3-1*92 ppm of titanium. The intensity of 
colour does not vary between pH 5.2 and 7.5. Surprisingly, large amounts of inter- 
fering ions such as fluoride, oxalate, phosphate, citrate and borate can be tolerated. 
A preliminary investigation showed that titanium and galangW form a 1: 2 complex. 

Uranium 

Many polyhydroxy flavonoids have been used as analytical reagents for spectra. 
photometric determination of uranium, both the 3-hydroxy and 5-hydroxyflavones 
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having been found useful for the purpose. The flavonols without a 5-hydroxy group 
give a yellow colour with uranyl ions, and the 5-hydroxyflavones give an orange 
colour. Compounds containing both the 3- and 5-hydroxy groups give an orange 
colour, showing that chelation involves the 5-hydroxy and the carbonyl groups. 
M~rinF~~ quercetin,gs quercetinsulphonic acid,9B flavonol,B7, galangin@s and its 
3-methyl derivative,= 5-hydroxyflavoneW and its 7-methoxyeQ and 7,8dimethoxy 
derivatives,1oo norwogonin, 86 rutirPol and robineti&O* have been used for determinaton 
of uranium. F’lavonol forms with uranyl ion a yellow complex which is sparingly 
soluble in common organic solvents. Spectrophotometric determination has been 
carried out by extracting the complex with tri-n-butyl phosphate. 

AlI the complexes formed contain metal and ligand in the ratio of 1: 1 or 1:2. In 
the case of robinetin, however, two complexes containing metal and the ligand in the 
molecular ratios 1: 1 and 2: 1 are obtained. There are two chelating centres in the 
robinetin molecule (VIII), the 3-hydroxy and the carbonyl group, and a pair of 

OH 

HO 

o-hydroxy groups in ring B. Both centres can chelate separate uranyl ions simul- 
taneously and hence the formation of 1: 1 and 2: 1 complexes is explained, assuming 
that the remaining uranyl co-ordination sites, if any, are occupied by water molecules 
or anions. The compounds are all extremely sensitive but not selective. A prior 
separation of interfering ions is essential. 

Vanadium 
The product obtained on treating vanadium with quercetinLoB is a green water- 

soluble chelate which is adsorbed on the reagent precipitated by dilution (sensitivity 
0.25 lug of V). The reaction has been used in a spot-test for vanadium. RutuP has 
been used for the same purpose, and for determination of vanadium.lo5 The orange 
complex formed is water-soluble, has &,,, at 435 rnp, obeys Beer’s law in the con- 
centration range 0.51-14.3 ppm of vanadium, and does not vary in colour intensity 
between pH 3.5 and 6.0. The composition of the complex is 1:2 (V:rutin) and the 
logarithm of its stability constant is 9.82. 

Amongst the reagents used for determination of micro amounts of zirconium, 
those preferred contain the group 

0 OH OH OH 

_; C-0 -- or _A=& - 

and thereby form a stable five-membered ring, with zirconium replacing one or two 
hydrogen atoms. Other metal ions can form similar complexes, but most of these, 



Flavones-A review 103 

in contrast to zirconium complexes, are extensively dissociated in mineral acid 
medium. Consequently, hydroxyflavones have been used as sensitive reagents for zir- 
conium. Flavonols form 1: 1 or 2 : 1 (Flav : Zr) complexes and ShydroxytJavones form 
1: 1 complexes. Zirconium tends to form complexes mainly with the flavonols, these 
complexes being 100 times more stable 106~10r than the Shydroxyflavone complexes. 

A method based on the blue fluorescence given by zirconium and flavonol in 0.2N 
sulphuric acid medium has been developed for the fluorimetric determination of 
zirconium.lOB The method is especially useful for minerals containing less then O-25 % 
of ZrOz. The degree of dissociation of the 1: 1 complex has been calculatedlOg from 
the relationship between the absorption spectrum and the excitation spectrum of the 
zirconium-flavonol chelate. Spectrophotometric determination of zirconium with 
flavonol has also been used.lo7 

Zirconium forms an intensely fluorescent complex with morin in strongly acidic 
solution (optimum acidity 1M hydrochloric acid).“O The predominant fluorescing 
species formed has a 1: 2 molar ratio of zirconium to morin and it appears that the 1: 1 
complex is also formed. The fluorescence intensity conforms to Beer’s law up to 
15 ppm or even higher concentrations. Zirconium can be determined in the presence 
of many other cations which give fluorescence, if a small amount of EDTA is added 
and the change in intensity is measured. The zirconium fluorescence is destroyed, but 
the fluorescence due to the other ions remains unchanged because these metals are not 
appreciably complexed by EDTA at the high acidity used. Morin has also been used 
as an absorptiometric reagent ,ur its yellow zirconium complex having L at 436 nyc. 
The method has been used to determinate zirconium in magnesium alloys.lr2 

An acidic zirconium solution treated with quercetinw produces an intense yellow 
colour suitable for the determination of 0.1-50 pg of ZrO,. The procedure involves 
the separation of zirconium from interfering elements by precipitation with p 
dimethylaminoazophenylarsonic acid before its estimation with quercetin. The 
optimum acidity is 0.5M hydrochloric acid. Two complexes are formed, 1: 1 and 2: 1 
having ratios of quercetin to zirconium, with equilibrium constants K1 = 3.3 x 1O-s 
and&= 1.3 x 1O-s. On the basis of chemical analysis the 1: 1 complex has been 
formulated as (IX): 

OH 

rJv ,\ OH 

(lx) 

Micro quantities of zirconium in presence of milligram quantities of interfering 
elements (particularly iron, vanadium and titanium) have been determined fluori- 
metrically with quercetin. U4 The method involves extraction of zirconium with 2- 
thenoyltrifluoroacetone and development of fluorescence with the reagent. The 
precision of the method is &4*0x. 
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GaklQgill,us melanoxetin,llS robinetW* and quercetagetinU7 have been put 
forward as analytical reagents for spectrophotometric determination of zirconium. 
They are extremely sensitive and selectivity is achieved by using a highly acidic medium 
in which the complexes formed by interfering ions are dissociated. 

ZusammaswEs wird eine &rsicht Uber die Verwendung van 
Flavohen als spektrophotometrische, fluorimetrische und gravimetri- 
sche Reagentien ftlr Metalle und einige Nichtmetalle gegeben. 

R6stn&-Gn prkente une revue sur l’emploi des fiavones comme 
reactifs spectrophotomkiques, fluorimttriques et 
les m6taux et queiques composes non metailiques. 

gravimetriques pour 
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ANALYTICAL APPLICATIONS OF 
TERNARY COMPLEXES-V* 

INDIRECT SPECTROPHOTOMETRIC DETERMINATION OF CYANIDE 

R. M. DAGNALL, M. T. EL-GHAMRY and T. S. WEST 
Chemistry Department, Imperial College, London S.W.7.. U.K. 

(Received 29 May 1967. Accepted 24 July 1967) 

Smnmary-An indirect spectrophotometric method is proposed for the 
termination of cyanide down to 0.2 ppm. It is based on the fact that 

$udde prevents the formation of the strongly absorbing ternary 
complex between silver(I), l,lO-phenanthroline and Bromopyrogallol 
Red in nearly neutral aqueous solution. Among 17 cations examined, 
only mercury(II) could not be tolerated. Zinc, cadmium and cobalt 
interfered only when present in large amounts. A lOOO-fold molar 
excess (over cyanide) of 14 anions can also be tolerated. Bromide, 
iodide and thiocyanate interference is overcome by addition of lead 
nitrate, ammonium sulphate and barium nitrate, followed by centri- 
fugation. 

THB need for very sensitive methods for measuring cyanide is obvious and new colour 
reactions involving cyanide are especially worthy of examination in the absence of a 
satisfactory standard method. There are at present two main calorimetric methods, 
both based on the K6nig reaction and proposed by Aldridge’-* and Epstein.8 However, 
both are subject to many disadvantages. For example, in Aldridge’s method or its 
modif%zations use is made of amines having dangerous physiological properties, e.g., 
be&dine and /?-phenylenediamine+s and Epstein’s method involves a relatively 
unstable reagent, pyrazolone. Bark and H&son’s method4 uses an isosbestic point 
and thus requires the use of a spectrophotometer rather than a filter instrument. 

In the proposed procedure use is made of the inhibiting effect of cyanide ions on 
the formation of the blue colour in neutral aqueous solution of the silver/l,lO- 
phenanthroline/Bromopyrogallol Red complexP This sensitive ternary reaction 
(GWUI = 51 x 104) can be made virtually specific for silver among cations by the use 
of EDTA and, in some instances, fluoride and hydrogen peroxide. 

Reagents 
EXPERIMENTAL 

The following solutions were pqared as described in Part IV and the apparatus was the same. 
Potassiam cyanide, 1oJM. 
Silver nitrate, lo-‘M. 
l,lO-Ptienunthroline, 1oJM. 
Bromopyqgallol Red, lO+M. (BPR) 
Ammo&m acetate, 20%. 
EDTA, ca. O*lM, (3% w/v). 

Prob?&re 
By pipette transfer l-10 ml of cyanide solution (approximately 1odM.l into a 50-ml volumetric 

flask, and add 10 ml of 1oJM silver nitrate, 1 ml of-3 % EDTA solution, 1 ml of 20% ammonium 
acetate solution to give a pH between 6 and 8,1 ml of 10-8M 1 ,lO-phenanthroline and 4 ml of 1wM 
BPR. Dilute the solution to 50 ml with distilled water, mix, and within 30 min measure the absorbance 
at 635 rnp in a l-cm cuvette against a blank solution containing no cyanide or silver. 

A plot of absorbance vs. concentration of cyanide islinear over the range 0.26-2.6 ppm of cyan& 
Use 1oJM potassium cyanide, l-10 ml, for preparation of a calibration curve. 

l Part IV-Talanta, 1966,13,1667. 
107 
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RESULTS AND DISCUSSION 

Optimization of conditions 

WaueZength of measurement. A solution containing BPR and 1 ,lO-phenanthroline 
at ca. pH 7 exhibits maximum absorbance at 570 rnp. The addition of silver ions 
decreases this peak and builds up another at 635 rnp. The addition of cyanide ions 
reverses this action. Because an excess of dyestuff (BPR) is used to develop the ternary 
system, it is better to measure a decrease in the complex peak at 635 rnp rather than 
an increase in the free reagent peak at 570 rnp. 

PH. The blue complex can be developed, and inhibited by cyanide ion, over the 
pH range 3-10. However, because of the susceptibility of BPR to oxidation in alkaline 

TABLE I.-I NnRFEwNcE STUDIES 

cations 
Molar excess 

over cyanide 
Absorbance 

at 635 m,u 

4 
Al 
AU 
Ba 
Bi 

% 
co(II) 
cu(II) 
Fe(III) 

k&II) 
Na 
Ni 

;: 
zn 

- 

E (10) 

E 
:: (10) 
100 (1) 
100 

:z (1) 

:z 
100 

:: 

:: 
100 (10) 
100 (50) 

0.120 
0.121 
0.007 (O-119) 
0.120 
0.120 
0.119 
0.145 (0.116) 
0.157 (O-120) 
0.127 
0.125 
0.245 (0.235) 
0.120 
0.118 
0.122 
0.125 
0.120 
0.130 
0.120 
0.190 (O-122) 
0.137 (0.117) 

solution, and the obvious dil?iculties associated with using cyanide ion in acidic solu- 
tion, a suitable pH for colour development was considered to be 6-8. 

Reagent excesses. For the development of the ternary complex at least a 4-fold 
and lo-fold molar excess of BPR and l,lO-phenanthroline respectively over silver 
must be present. 6 In view of the sensitivity of the reaction (eemW = 5-l x W), a 
working range of O-26-2-6 ppm of cyanide can be achieved by using 10 ml of lad M 
silver nitrate, 4 ml of 10-4M BPR and 1 ml of 10-SM 1 ,lO-phenanthroline solution in a 
final volume of 50 ml. The reaction is instantaneous and the absorbance is constant 
for 30 min. In addition, it is possible to tolerate up to a 10000-fold molar excess of 
EDTA over the most concentrated cyanide solution used. 

More concentrated solutions of cyanide can be examined by suitably increasing 
the concentrations of the reagents. This aspect was not pursued further. 

Interferences. The effect of a lOO-fold molar excess over cyanide of 19 cations in 
the presence of a 500-fold molar excess of EDTA over cyanide was examined and the 
results are shown in Table I. Where an interference was encountered a lower cation 
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level was examined and these are shown in brackets. The order of addition was 
cyanide (5.2 ,ug), cation, silver, EDTA, 1 ,lO-phenamhroline, buffer and BPR. The 
absorbances were read against a solution containing no cyanide or silver ions. 

It may be concluded that only cadmium, cobalt(II), gold(III), mercury(II), 
palladium(I1) and zinc showed any sign&ant interference. It was found that cad- 
mium, gold and palladium could be tolerated at a IO-fold level, cobalt(I1) at an 
equimolar level and zinc at a 50-fold level. Only mercury(I1) continued to interfere 
at an equimolar level. This is obviously because of the high stability constant of the 
mercury(II>-cyanide complex in comparison with the silver-cyanide and mercury(II)- 
EDTA complexes. In this case all of the silver ions are free to form the blue ternary 
complex. 

The following 14 anions were examined in a manner similar to the cations: 
acetate, bromide, carbonate, chloride, chromate, fluoride, iodide, nitrate, perchlorate, 
persulphate, phosphate, sulphate, sulphite and thiocyanate. A lOOO-fold molar excess 
over cyanide of acetate, fluoride and nitrate, and a Ml-fold molar excess of carbonate, 
chloride, perchlorate and sulphate did not interfere. The interference of a MOO-fold 
molar excess of sulphate can be prevented by adding excess of barium nitrate and 
centrifuging to remove the precipitate. A 1000-fold molar excess of barium does not 
interfere. Chromate, persulphate, phosphate and sulphite up to a lOOO-fold molar 
excess over cyanide can be treated in the same way. The interference of bromide, 
iodide and thiocyanate is not affected by this modification of the procedure, and 
direct masking of these and other anions is not possible because any cation capable 
of forming a stable complex with them would interfere with the determination, if 
present in excess. A satisfactory procedure for overcoming the interference is to pre- 
cipitate the lead salts of these anions and then to remove the excess of lead by 
precipitation with ammonium sulphate and then the excess of sulphate with barium 
nitrate. All the precipitates are centrifuged together, and the free cyanide is deter- 
mined in the separated aqueous phase. It is possible to mask the excess of lead ions 
with EDTA after removal of the lead precipitate (which would dissolve in EDTA if 
not removed) but it was considered wise to make use of any “collector” properties 
offered by the lead and barium sulphates to remove traces of bromide, iodide and 
thiocyanate. The addition of barium nitrate ensures that a large excess of ammonium 
sulphate can be added if necessary. This procedure, although somewhat involved, 
was found to be effective in determining traces of cyanide in the presence of 1000-fold 
molar excesses of bromide, iodide and thiocyanate. 

Precision. The relative standard deviation obtained from multiple analyses of a 
series of ten solutions, each containing 5.2 pg of cyanide, was found to be 3.4 %. 

Z~enfassung-Zur Bestimmung van cyanid bis benmter zu 92 
ppm wird eine indi~kte spektrophotometris&e Me-thode vorgesch- 
lagen. Sic beruht auf der Tatsche, da8 Cyanid die Bildung des stark ab- 
sorbierenden tern&en Komplexes aus Silver(I), l,lO-Phenanthrolin 
und Brompyrogallolrot in etwa neutraler w%l3riger L5sung verhindert. 
Unter 17 untersuchten Kationen durfte nur Quecksilber(II) nicht a~- 
wesend sein. Zink, C3dmium und Kobalt St&ten mu in g&en 
Mengen. Ein lOO&facher molarer UbenchuB (ilber Cyanid) von 14 
Anionen ist ebenfalls tragbar. Die St6run 

f 
von Brormd, Jodid und 

Rhodanid beseitigt man durch Zugabe von B einitrat,Ammoniumsulfat 
und Barium&rat mit nachfolgendem Zentrifugieren. 
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R&mm&-Gn propose une m&hode spectrophotometrique indirecte 
pour le dosage du cyanure en quantites aussi petites que 42 p.p.m. 
Elle est b&e sur le fait que le cyanure emp6che la formation du 
complexe temaire fortement absorbant entre l’argent (J.), la 1,10- 
ph6nanthroline et le rouge de bromopyrogallol en solution aqueuse 
sensiblement neutre. Parmi 17 cations examines, seul le menxre(II) 
ne peut &re toRti. Le zinc, le cadmium et le cobalt ne g&rent que 
s’ils sent presents en fortes quantitts. On ut 

Y 
aussi tokrer un ex& 

1000 fois molaire (par rapport au cyanure de 14 anions. Les inter- 
f&ewes du bromure, de I’iodure et du thiocyanate sont Cvit6e-s par 
l’addition de nitrate de plomb, de sulfate d’ammonhrm et de nitrate 
de baryum, suivie dune centrifugation. 
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DETERMINATION OF PALLADIUM, PLATINUM 
AND RHODIUM IN GEOLOGIC MATERIALS BY 
FIRE ASSAY AND EMISSION SPECTROGRAPHY* 

JOSEPH HAFFTY and LEONARD B. RILEY 
U.S. Geological Survey, Federal Center, Denver, Colorado 80225, U.S.A. 

(Received 14 July 1967. Accepted 5 August 1967) 

S--A method is described for the determination of palladium 
down to 4ppb (parts per billion, lo*), platinum down to IOppb 
and rhodium down to 5 ppb in 15 g of sample. Fire-assay techniques 
are used to preconcentrate the platinum metals into a gold bead, then 
the bead is dissolved in eyua regia and diluted to volume with 1M 
hydrochloric acid. The solution is analysed by optical emission 
spectrography of the residue from 200 ,ul of it evaporated on a pair 
of flat-top graphite electrodes. This method requires much less sample 
handling than most published methods for these elements. Data are 
presented for G-l, W-l, and six new standard rock8 of the U.S. 
Geological Survey. The values for palladium in W-l are in reasonable 
agreement with previously published data. 

PROCEDURES for the determination of palladium, platinum and rhodium are available 
in the literature, but many are only suitable for much higher concentrations than that 
of most geologic materials which the U.S. Geological Survey is called upon to analyse. 
Some procedures require considerable time and analytical shill and are generally 
cumbersome and not too reliable in routine use. Still other procedures are designed 
for one of the three elements, giving little attention to the other two. The method 
described here is relatively free from extensive sample manipulations, adequately 
sensitive, and can determine all three elements in essentially a single procedure. 

EXPERIMENTAL 
Fire assay 

Gold (weighing between 0.80 and 1.20 mg), which is used as a collector for the platinum metals, 
is added in the form of O-007 in. dia. wire to yield approximately the same concentration of gold in 
the fu& solution as in the spectrographic standards. A piece of lead foil 4 in. square and @016 in. 
thick is sharply folded at the center with pliers. The fold is then opened, the gold wire placed in the 
centre of the crease, the fold closed on the wire and again folded at the centre to give a thickness of 
four layers. All edges are then crimped with pliers to ensure enclosure of the wire. 
is added as the last step in the preparation of the fusion mixture described below. 

This lead envelope 

The fusion and cupellation step8 in general follow conventional fire-assay practices as described 
by Bugbee’ and are only summarized here to point out variation8 found helpful. A flux is formed by 
combining sodium carbonate, lead@) oxide, silica, borax glass and calcium fluoride together with 
flour as a reducing agent or potassium nitrate as an oxidizing agent. 
tireclay crucible with a maximum capacity of about 260 ml. 

These am combined in a “30-g” 

dependent on the composition of the sample to be analysed. 
The amount8 of the flux component8 are 
The object is to form at least a two-phase 

melt: a liquid slag approximating to a complex borosilicate, and a metallic lead phase, controlled 
in sire, to collect the noble metals present. The addition to the flux of 1-3 g of calcium fluoride, not 

* Publication authorized by the Director, U.S. Geological Survey. 

8 111 
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routinely used in gold fire-assaying, has been found beneficial for many types of samples analysed for 
the platinum metals. 

After the flux components are in the crucible, 15 g (or 30 g) of sample are added and the contents 
thoroughly mixed. Then the lead foil containing the gold wire is added. Part of the borax glass 
for the charge may be added as a cover for a 30-g sample, or for a sample liable to form dust, 
or for a sample relatively rich in iron(II1) oxide. 

The crucible is placed in the muffle of an assay furnace preheated to a temperature of 850-900”. 
After the door is closed the temperature is raised to 1050-1120” over a period of 30-45 min. The 
crucible is then removed and the molten charge is poured into an iron mould and allowed to cool. 
The slag is carefully chipped and worked away from the lead with a hammer and brush, and the lead 
is tapped into a cube, producing the lead button. 

The lead of the lead button is separated from its noble metal content by cupellation. The cupels, 
made of compressed bone ash, are placed in the furnace, preheated to 95&1000”, for about 10 mm. 
Then the lead buttons are placed in the cupels and the furnace door closed until the lead melts and a 
bright surface is formed on the lead. The door is opened and the temperature first lowered to about 
830”, then gradually raised to a fmishing temperature of about 900” as the lead is oxidized and the 
oxide absorbed by the cupel. 
cupel. 

The cupellation is finished when only a noble metal bead remains on the 
Since silver is not to be determined, higher temperatures may be used than in the conventional 

silver assay, thus reducing the dangers of “freexing” (lead oxide covering the molten lead and 
preventing further oxidation). 

Gnce the bead is obtained, the cupel is removed from the furnace and allowed to cool. No pre- 
cautions are necessary to prevent “sprouting” as in the silver assay, since there is about 1 mg of gold 
present, The bead is examined under a stereoscopic microscope (about 45 x magnification) while 
still on the cupel and the colour, surface, and shape are noted. The presence of certain elements is 
indicated when the colour has drastically changed from that of gold. No correlation, as yet, has 
been made with the shape or surface of the bead and the presence or concentration of specific elements. 
This is still under investigation. 

The bead is then carefully transferred and weighed. Relatively pure gold beads are nearly spherical 
and need more care in handling than hemispherical silver beads. No attempt is made to clean the 
bead, e.g., by brushing, thus avoiding any losses of metals. The small amount of lead-saturated bone 
ash retamed on the bead adds little to the weight and is easily dissolved in the subsequent treatment. 
The weight of the gold wire added to the flux initially is compared with the weight of the bead obtained. 
Any sizable gain (or slight loss) is noted and aids in calculating the dilution factor if the weight has 
substantially increased. 

The bead is transferred to a l-ml volumetric IIask to which 0.1 ml of uq~ regiu (3 : 1 hydrochloric 
acid:&& acid) is added, and allowed to stand overnight at room temperature. To ensure complete 
dissolution of the bead, the solution is heated for 15-20 min on a steam-bath. After the bead has 
diiolved. an aliquot of a 4 mg/l solution of molybdenum (the internal standard) in 2M hydrochloric 
acid is added so that the concentration is 0.2 mg of molybdenum per 1. after dilution to volume 
with 1M hydrochloric acid. All beads analysed to date have been soluble in aqua regiu. However, if 
any metals remain undiilved, the presence of other platinum metals should be suspected. 

When a sample is known from a previous semi-quantitative spectrographic analysis to be high in 
platinum metals, the amount of gold is increased so that a 2: 1 ratio of gold to total platinum metals 
is obtained. This ratio has been found satisfactory for dissolution of the platinum alloys. Larger 
volumetric equipment and more acid may then be necessary as stated by Murt and Cot-son.* Dilutions 
are made from-the solution to obtain a desirable concentration for-measurement of the platinum 
metals. Gold in solution (10 mglml) is added to the final dilution in order that the gold concentration 
be about 1000 mg/l and approximately equivalent to the concentration of gold in the standards. 

S’ctropphic adysis 

Two &in. dia. flat-top, graphite electrodes are first waterproofed with 4 drops each of a petroleum 
ether solution of Apiexon “N” grease (5 g/l). Then 100 ,ul of the unknown sample or the standard, 
both containing the internal standard, are added to each electrode in SO-p1 increments and evaporated 
by means of a heat lamp. The electrodes are kept under the heat lamp until placed in the arc-spark 
stand. Each exposure consists of exciting the residue of 200 ~1 of solution on the two electrodesS. 
The sample-bearing electrodes are then placed in the arc-spark stand and the residue is excited and the 
spectrum recorded, with the a 

The emulsion is calibrated ! 
paratus and operating conditions listed in Table I. 
y means of an iron bead arced at 5 A d.c. and exposed for 15 set at a 

transmission of 48 %. The formation of the iron bead is described by Haffty.’ The iron lines and 
relative intensities used for plate calibration were selected from a list of homologous lines.S*a They 
are reproduced in Table II for the convenience of the reader. The calibration curve is established by 
plotting transmission (ordinate) us. intensity (abscissa) on log-log paper. 
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TABLEI.-APPARATUS AND SPECI~~OORAPHIC OPERAT?NQ CONDITIONS 

Excitation source-intermittent d.c. arc. Primary power source-full-wave 
rectified 280-V. 6O-cycle power supply-initiated by a high-voltage con- 
densed spark synchronized to initiate each half cycle. 
Radio-frequency current, 2-O A 
Initiating circuit parameters 

Capacitance, 0.0025 ,eF 
Inductance, 15 PH (residual) 
Primary resistance, 16 R (dial setting 5) 
Secondary resistance, 0.5 R (residual) 
Discharge voltage, 15,000 v 
Number of discharges per half cycle, 11 
Current, radio-frequency, 7.0 A 

Spectrograph-folded. 3-m Rowland circle-mounted grating with 21,ooO 
lines/in. giving a reciprocal linear dispersion of 4 A/mm in the first order. 

Wavelength region, 240&36OOA 
Slitwidth, 4OP 
Illumination, arc image focused on grating 

Analytical gap, 3mm 
Transmission, 100% 
Exposure+ 20 set 
Emulsion, Kodak SA-1 
Electrodes, ASTM type C-3 

TABLE II.-IRON LINESUSED FOR PLATE CALIBRAnON 

Fe line, Fe line, 
A Intensity A Intensity 

3157.89 73 3217.38 165 
3175.45 125 3222.07 625 
~178.02 3225.99 770 
3196.93 4: 3239.44 285 
320540 210 3251.24 62 
321594 22!! 326824 29 

TABLEIII.-ANALYTICAL LINES USED IN DETERMWATION 
OFPALLADIUM,PL.4~ANDRHODfUhf 

Element A”alyYl line, 

Concentration range 
based on analytical 

curve, mgll 

Pd 

Pt 

Rh 

Pd 3242.70 @05&O 
Pd 340458 0.025-05 
Pt 2659.45 0.125-5-O 
Rh 2490.77 0*125-5-o 
Rh 3396.85 0*05-5~0 
Rh 3434.89 0~05-125 

The MO 2816.15 A line was used as internal standard 
line throughout. 
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Each plate contains the exposures of 10 or 11 samples in duplicate, plus 9 standards and one 
iron bead to calibrate the emulsion. After the plate has been processed, transmittance measurements 
of selected analytical and internal standard lines (Table III) are obtained by means of a micro- 
photometer. From the calibration curve, intensity values are obtained for the standards which are 
used in constructing the analytical curves. The analytical curves are established by plotting the ratio 
of the intensities of the analytical and internal standard lines us. concentration on logarithmic 
coordinates. The concentrations of the elements in the unknown samples are read from the analytical 
curves. The absolute weight of metal is calculated from the volume of solution in which the bead 
was dissolved. This weight is then divided by the weight of sample taken to give ppm or ppb [parts 
per billion (log)] in the sample. 

Preparation of stpndardr 

Stock solutions, calculated to contain 1000 mg of the element per l., are made by dissolving the 
ammonium salts of the appropriate chloro-complexes in 2M hydrochloric acid. These stock solutions 
are then serially diluted with 2M hydrochloric acid to give concentrations of 100, 50, 25, 10, . . . 
0.5 mg/l. 

The standards for analysis are made by transferring O-2 ml of a gold stock solution (10 mg/ml) 
to each of nine 2-ml volumetric flasks. To these, 0-l ml each of the palladium, platinum and rhodium 
solutions are added. In addition to this, O-1 ml of a solution of molybdenum (4 mg/l) in 2M hydro- 
chloric acid is added as the internal standard and the mixtures are diluted to volume with 1M 
hydrochloric acid. The resulting standards contain palladium, platinum and rhodium in concentra- 
tions of 50,5,2*5,1*25,0*5 . . .0*025 mg/l in solutions containing gold (1000 mg/l) and molybdenum 
(0.2 mgll). 

RESULTS 

The precision of the method is illustrated by the results in Table IV. The standard 
deviations were obtained by running several 15-g portions of the same sample on 
various plates at different dates.2*7 

TABLE IV.-DATA ON PRECISION OF METHOD 

Element 

Average 
concentration, 

PP” S.D. C.V. n 

Palladium 0.426 O-023 5.4 5 
Platinum 0.395 OX@77 1.9 5 
Rhodium o-0143 O-0008 5.6 2 

d = difference between duplicate values. 
n = number of duplicate determinations. 
X = average of the individual results. 

S.D. = 2/(X da/h) = standard deviation. 
C.V. = lOO(S.D.)/x = coefficient of variation. 

In order to obtain an indication of the accuracy of the method at concentrations 
present in geological materials, aliquots of known solutions of palladium, platinum 
and rhodium were added to 15-g portions of quartz sand, evaporated under heat 
lamps, and carried through the method described. The solutions were added in O-l-ml 
increments and distributed over the surface of the sand, which had previously been 
heated for about 20 min in an evaporating dish. The total amount of solution added 
to any one dish was no more than O-6 ml and with proper care the solution did not 
seep through the sand to the evaporating dish. After the sand was added to the fire 
clay crucible, the additional precaution was taken of dry-rinsing the evaporating dish 
with the soda needed for the charge and then transferring this to the crucible. However, 



Determination of palladium, platinum and rhodium 115 

the platinum in samples 10 and 11 was accurately weighed and added as the metal. 
The results are presented in Table V. 

For low-grade platinum ores, 30 g (approx 1 assay ton) have been used. When 
the weights of the elements given in Table V are considered on the basis of this weight 
of sample, they represent a concentration range of 17 ppb to 4.23 ppm. 

The analytical results for G-l, W-l, and six new standard rocks are presented in 
Table VI. Each run is the average of duplicate determinations. More detailed data 
on the localities from which the six new standard rocks were collected, and the 
results for many elements, were presented by Flanagan.8 

TABLEV.-RECOVERY OF PALLADIUM, PLATINUM AND 
RHODIUM ADDED TO QUARTZ SAND 

Palladium 
Sample - 

No. Added Recovered 

/g rug % 

Platinum 

Added Recovered 

M ,g % 

Rhodium 

Added Recovered 

pg pg % 

: 
3 
4 
5 
6 

P 

1: 
11 

0.50 
1.0 
0.50 
1.0 
5.0 
5.0 

20 

0.54 108 0.50 
1.15 115 
0.57 114 ;:; 
1.13 113 
198 98 96 10 5:; 

20.8 104 1: 
93 93 100 
94 94 113 

127 

0.55 
1.12 
2.02 
440 
4.95 
9.65 

20.9 
106 
102 
103 
126 

110 
112 
101 0.50 0.57 114 
88 1.0 1.01 101 
99 

19d 
5.0 5.4 108 

106 
102 
91 
99 

DISCUSSION 

Fire ussuy 

To obtain maximum recovery of the platinum metals from a sample, it is a great 
help to know its approximate mineral or chemical composition so that the proper 
combination and proportions of the constituents of the assay flux can be selected. 
The tabular material below shows flux compositions used for a granite and a peri- 
dotite; all quantities are in grams. 

Granite (G-l) Peridotite @CC-l) 

Ore 15 30 
NasCOI 20 30 :: 
PbO 50 60 32 
SiOI 

: 
0 6 

Borax glass 3 35 
CaP: 1 1 1 
Flour (for 28-g lead button) 3 3 5 (excess to 

reduce all Pbo) 

Relatively high concentrations of certain minerals or elements may require special 
treatment. Beamish stresses the problem of analysing for platinum metals in the 
presence of large amounts of nickel. Large amounts of organic matter such as coals 
require careful oxidation to avoid losses. Placer concentrates create separate problems, 
and slags from certain finely ground chromite ores may show considerable amounts of 
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unattacked chromite when examined under a microscope. Hence, fire assaying for 
platinum metals is more involved than routine fire assaying for gold. 

Results 

The results for palladium in W-l shown in Table VI are in reasonable agreement 
with previously published data. lo The platinum content in W-l, although varying 
slightly for different weights of sample taken (15 and 30 g), is ascribed a weighted 
average of 18 ppb. Two different lots of the dunite (DTS-1) were used for the two 
runs and this may account for the apparent slight variation in the platinum content. 

TAIILIX VI.-PALUDIUM, PL.AllNUM, AND RHODIUM CONTENT IN STANDARD ROCKS 

U.S.G.S. Weight 

sample Rock type of Pd, ppb Pt, ppb Rh* PPb 
DO. sample, 1 2 1 2 1 2 

g 

G-l 
W-l 
W-l 
G-2 
GSP-1 
AGV-1 
BCR-1 
BCR-1 
PCC-I 
DTS-1 

Granite 
Diabase 

Granite 
Granodiorite 
Andesite 
Basalt 

Peridotite 
Dunite 

30 t4 <lO t5 
30 14 16 t5 
IS 14 22 <5 
30 <4 <lO <5 
30 <4 <lO <5 
30 <4 <lO <5 
30 <4 <IO <5 
15 t4 <IO <5 
15 7 7 15 15 <5 <5 
15 <4 <4 11 <lo <5 <5 

The elements listed in the table have been assigned conservative “limits of 
determination.” It will be noted that these limits are the same for both 15- and 30-g 
samples. Lower limits for the 30-g samples are possible and in favourable instances 
have been obtained. However, until more data are available the conservative figure 
given seems advisable. 

The term “limit of determination” is used here to mean that if the element in 
question were present in the sample in a concentration at or above this limit, not only 
would its presence be detected, but also its concentration could be stated, each with a 
reasonable degree of certainty. Below this limit the element, in a given sample, may 
be detected (and under favourable conditions may be stated) but, even with equal 
care, there is a reasonable chance it may be missed. 

Zusammenfassang-Ein Verfahren zur Bestimmung von Palladium bis 
herunter zu 4 ppb (Teile pro Milliarde lOa), Platin bis 10 ppb und 
Rhodium bis 5 ppb in 15 g Probe wird beschrieben. Dutch Schmelz- 
verfahren werden die Platinmetalle in einer Goldperle vorangerei- 
chert; dann wird die Perle in Konigswasser gel&t und mit 1 M Salz- 
tiure zur Marke aufgefiillt. Die Losung wird analysiert durch opt&he 
Emissionsspeltrographie des Riickstandes, der beim Verdampfen 
von 200 ~1 auf ein Paar flachen Graphitelektroden zurilckbleibt. Diese 
Methode erfordert vie1 weniger Arbeits@nge mit der Probe als die 
meisten bekannten Vorschriften fiir diese Elemente. Ergebnisse 
fir G-l, W-l und sechs neue Standardgesteine des US Geological 
Survey werden mitgeteilt. Die Palladiumwerte in W-l stimmen 
befriedigend mit friiher publizierten Daten iiberein. 
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R&nn&Gn decrit une methode pour le dosage du palladium jusqu’a 
des quantites aussi petites que 4 p.p.b. (parties par billion, IV), du 
platine jusqu’a 10 6p.b. et’du &dium*jusqu’b 5 p.p.b. da& I5 g 
d%chantillon. On utilise des techniaues de erillaee nour n&con- 
centrer les metaux du platine dans uie perle a’or,-p& la pkrle est 
dissoute dans l’eau regale et dilute au volume a l’acide chlorhydrique 
1M. On analyse la solution par spectrographic d’bmission optique du 
residu obtenu en en Cvaporant 200~1 sur une paire d’electrodes de 
graphite a t&te plate. Cette methode necessite beaucoup moins de 
manipulation d’tchantillon que la majeure partie des m&odes 
publiQs pour ces elements. On presente les don&es pour G-l, W-l et 
six nouvelfes roches &talons du U.S. Geological Survey. Les valeurs 
pour le palladium dans W-l sont en accord raisonnable avec les 
don&es anterieurement publiees. 
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Summary-The cation-exchange characteristics of 15 elements with 
the strongly acidic cation-exchange resin Dowex 50 x 8 were investi- 
gated in media containing varying concentrations of organic solvents 
and aqueous hydrofluoric acid. The determination of the distribution 
coefficients was carried out in 0.15~1.2 M hydrofluoric acid solutions 
containing O-90% of the organic solvents methanol, ethanol, n- 
propanol, isopropanol, methyl glycol, acetone, tetrahydrofuran, and 
acetic acid. Based on these distribution data the possibilities of 
separations of the various elements are indicated and discussed. 

IN PREVIOUS papers we have described the cation-exchange behaviour of numerous 
elements in mixed aqueous-organic solvent media containing either hydrochloric 
acid1 or nitric acid,2 Dowex 50 x 8 being used as the cation-exchange resin. The 
present investigations have been performed by employing the same resin and the same 
organic solvents but in media containing hydrofluoric acid, so that the data presented 
in these three papers can be readily compared and evaluated. 

No attempt has so far been made to investigate systematically the broad field of 
mixed aqueous-organic solvent media containing hydrofluoric acid. Not even 
scattered information is available concerning the cation-exchange behaviour of 
elements in hydrofluoric acid-organic solvent media. Therefore the research work 
presented in this paper was performed, using the most frequently employed cation- 
exchange resin Dowex 50 in mixtures of 8 organic solvents containing hydrofluoric 
acid. For this purpose the effect of increasing concentration of organic solvent from 
0 to 90 % in solutions with a constant overall acidity of 0.6M hydrofluoric acid, and 
the effect of acidity ranging from O-1 5 to 1.2M at the constant concentration of 90 % 
of organic solvent were investigated by measuring the distribution coefficients in these 
media. From the distribution coefficients thus obtained, the possibilities of separating 
the elements investigated from one another are indicated and discussed. 

Reagents 
EXPERIMENTAL 

Ion-exchange resin. The air-dried strongly acidic cationexchanger Dowex 50 x 8(100-200 mesh, 
hydrogen form) was used for the batch and column experiments. 

Standard solutions. These solutions were prepared by dissolving the hydroxides, oxides or 
carbonates of the following metal ions, in an excess of hydrofluoric acid: UO,(II), Ti(IV), Zr(N), 
V(V), Mo(VI), Fe(IlI), Zn(II), Cd(II), Cu(II), Mn(II), Co(U) and Ni(II). After evaporation to 
dryness the resulting fluorides were dissolved in 3, 6, or 12M hydrofluoric acid to give solutions 
containing 10 mg of the element per ml. Tracer amounts of Nb(V), Ta(V) and Pa(V) were used to 
prepare standard solutions with the same acidities. 

+ Present address: Argonne National Laboratory, Chemistry Division, Bldg. 200, Ml21, 9700 
South Cass Avenue, Argonne, Illinois 60440, U.S.A. 
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Soloents. The reagent-grade pure organic solvents used were methanol, ethanol, n-propanol, 
isopropanol, methyl glycol*, acetic acid, tetrahydrofuran and acetone. 

Determination of the various elements 

All of the bivalent elements, iron(II1) and zirconium were determined titrimetrically, by suitable 
chelatometric methods with EDTA (disodium salt) as the titrant. Fluoride ion was masked with 
boric acid. For the determination of molybdenum(W) a method was used which is based on pre 
cipitation titration with standard lead nitrate as the titrant and with PAR (4-pyridyl-2-azoresorcinol) 
as the indicator. Uranium was determined fluorimetrically and vanadium by visual calorimetry. 

Niobium, tantalum and protactinium were determined by measuring the radioactivity emitted by 
their isotopes niobium-94, tantalum-82 and protactinium-233, which have half lives of 2 x l(r yr, 
115 days and 27 days respectively. The measurements were made with a scintillation counter. 

Titanium was determined spectrophotometrically by the well-known peroxide method. 

Determination of distribution coeficients 

The weight distribution coefficients of all elements except vanadium were determined by using the 
batch equilibrium method (batch method) described in earlier pub!ications.l~l The distribution 
coet&ients of vanadium were determined by using the column method.’ 

RESULTS AND DISCUSSION 

In Tables I-XVII the metal ions are arranged in the same order. In many cases 
the solubility of several of the metal fluorides (especially those of the bivalent metal 
ions Zn, Cd, Cu, Mn, Co and Ni) in the various hydrofluoric acid-organic solvent 
mixtures has been found to be very low so that a determination of the distribution 
coefficients of these elements was not possible. In these instances the Tables do not 
list the distribution coefficients, instead the abbreviation “ppt” (for precipitation) has 
been put, although it has been shown in several cases that, under these conditions of 
low solubility of the fluorides, the distribution values are of the order of >loS. 

TABLE I.-DBTRIB~ON comcl~~~s IN AQUEOUS METHANOLIC 06W HYDROFLUORIC ACID 

Ion 
0 

Methanol concn., % 

20 40 60 80 90 

UWII) 
TiUW 
WIV) 
WV) 
Nb&l, TaO, 
Mw 
MoWI) 
Fe(W) 
Zn(II) 
WII), Cu(lI), 
Mn(II), CWII), 
Ni(II) 

tl 
tl 
tl 

2 
cl 

tl 
<l 

>lO” 
>l(r 

tl tl 
2 3 

<l 
3 : 

tl <l 

:*3 
1.5 
7-2 

>l(r >lP 
>W >l(r 

3 

:.3 
4 

<l 

l-7 
25.3 

>lo” 
>lW 

190 
1 
5.2 
4 

tl 

2 
87.5 

>lP 
>W 

156 

i-5 
3 

<l 

2z3 
PPt 

>l(r 

Uranium( VI) 

From the distribution values of uranium shown in Tables I-VIII it is seen that the 
adsorption of this element invariably increases with an increase of the amount of 
the non-aqueous component of the mixtures. This increase is most pronounced in the 
acetone system (see Table VIII) in which a maximum distribution coefficient of 
4 x 109 is reached in the 90% acetone-lo% 6M hydrofluoric acid medium. The 
adsorption of uranium in this as well as in all other media is also increased with a 

* i.e., the monomethyl ether of ethylene glycol, CHs-O-CH*-CH,OH. 
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TABLE II.-DISTRIBUTION COEWICIENTS IN AQUEOUS ETS~ANOLIC 0*6M H~DR~~ZUORIC ACID 

Ion 
0 

Ethanol concn., % 

20 40 60 80 90 

UO*(II) 
Ti(IV) 
Zr(Jv) 
V(V) 

zbg’ Ta(v)s 
MOW) 
Fe(II1) 
E;;‘i WII), 

Mn(I1) 
WII) 
Ni(I1) 

tl <1 tl 
tl 3 4 
<l tl 1.2 

2 3 4 
<l <I cl 

<1 1.2 I.8 
<l 4.2 8.7 

>lO’ >ltY >lO’ 

71@ 7lW >lO” 

7108 710” 710’ 
7103 71v 710’ 

8-8 

i-3 
4 

Cl 

3’3.28 
>101 

71@ 
71v 
710” 

29 
1 
5.8 
5 

tl 

3.6 
123 

>lP 

2% 
>l(r 

TABLE III.-DISIRIBIJTION COEPPICIENTS IN AQUEOUS n-PROPANOLIC 06M HMROPLUORIC ACID 

Ion 
0 

n-Propanol concn., % 

20 40 60 80 90 

UOa(I1) 
Ti(IV) 
Zm9 
\.(V) 
NbO, WV, 
Pa(v) 
MoWI) 
Fe(II1) 
Zn(I1) 
Cd(I1) 
WII), Mn(II) 
Co(II), Ni(I1) 

tl 
<l 
tl 

2 
<I 

<I 
tl 

s-10” 
ZloI 
>lo” 
710” 

tl 
2 

Cl 
2 

<I 

;:; 
>lP 
710” 
710” 
>lo” 

tl 
3 
l-5 
2 

<l 

<l 
2 
3.6 
3 

t1 

2-l 3.2 
7.8 23 

>l(r 7l(r 
71v 710” 
710” >l(r 
>lo” 710” 

14 

t.2 
3 

<l 

133 
tl 

6.7 
3 

<1 

6.2 

;;: 
PPt 
PP’ 
PPt 

TABLE IV.-DWRIBV~~ON comcxR~~~ IN AQUEOUS IS~PROPANOLIC 0*6M HYDROPLUORIC ACID 

Ion 
0 

kopropanol concn., % 

20 40 60 80 90 

uom 
Ti(IV) 

6:;) 

zbS’ Ta(v)g 
MOW) 
Fe(lI1) 
Zn(II), Cd(H), 
Cu(II), Mn(II), 
Co(II), Ni(I1) 

tl 
tl 
tl 

2 
<l 

<I 
<l 

>W 

<I 
3 

<l 
2 

<l 

15 
2-6 

>lo” 

l-3 2.3 
4 2 
1.8 3.8 
3 4 

<1 <l 

2.4 3.6 
10 43 

710” >101 

67 505 
1 <1 
6~3 6.5 
4 4 

<l <l 

4.8 6.4 
PPt PPt 
PPt PPt 
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TABLE V.-DISTRRWION ~~EFFI~!I~NT~ IN 0*6M EWDROPLUORIC ACID IN 
AQuRouS MEI'HYL GLYcOLSOLUnON * 

Ion 
0 

Methyl glycol concn., % 

20 40 60 80 90 

UO*(II) 
‘WIV) 
ZrW) 
V(v) 
NW0 
TaO, Pa(v) 
MoWI) 
Fe(II1) 
Zn(I1) 
WII) 
Cu(II) 
Mn(II), Co(II), 
Ni(I1) 

tl 
Cl 
<l 

2 
tl 
<l 
<l 
tl 

>lo” 
>W 
>101 
>l(r 

<l 
1 

tl 
3 
l-2 

<l 
l-7 
3 

>lo” 
>108 
>lo” 
>lo” 

<l 
2 
2.1 
5 
1 

<1 

li7 
>lo” 
>w 
>lo” 
>lo” 

3.8 
1 
4.2 
6 

<l 
<l 

4-l 
73 

>l@ 
>108 
>l@ 
>lP 

102 
tl 

7-5 
4 

<l 
tl 

5.6 
840 

t Et 
>lo” 
>l(r 

628 
1 
7.7 
3 

<l 
<1 

7-2 
PPt 

>l(r 
PPt 
PPt 

>lW 

TABLB VI.-DISIRIBLJTION C~ETFX~IENTS IN 0*6M HYDROFLUORIC ACID IN 
AQuEoUS ACETIC ACID 

Ion 
0 

Acetic acid concn., % 

20 40 60 80 90 

uo*m 
Ti(Iv), Zr(IW 
WV) 
NbO, TaO, 
Pa(v) 
Mo(VI) 
Fe(II1) 
Zn(II), Cd(II), 
CW). Mn(lI), 
Co(II), Ni(I1) 

tl 
<l 

2 
<l 

<l 
<l 

>lW 

tl tl <l 24 160 
<l tl <l tl tl 

2 2 2 2 2 
tl <l tl <l tl 

<l 1.1 1.2 1.4 l-5 
1.8 4.5 9.6 24 

>W >w >101 >l(r 
PP’ 

>l(r 

TABLE VII.-DBTREWTION C~~FICIENTS IN O-6M HYDROPLUORIC ACID IN 
AQUEOUS TmRAHYDROFIJRAN 

Ion 
0 20 

Tetrahydrofwan concn., % 

40 60 80 90 

uwm 
Ti(IV) 
Zr(IW 
V(V) 
NW) 

:O%lpaw' 
Fe(II1) 
Zn(II), Cd(II), 
Cu(II), Mn(II), 
Co(I1). Ni(I1) 

<l 
<l 
<l 

2 
<l 
<I 
<I 
<l 

>l(r 

tl tl 
tl <l 
<l l-4 

2 2 
1.7 1 

<l <1 
1.3 2.2 
3 17.4 

>l(r >l(r 

<l 67 
tl <l 

3.5 6.7 
3 3 

<l <l 
<l <l 

3.5 5.2 
82 

>lo” 
PPt 
PPt 

515 
tl 

7.2 
2 

tl 
tl 

5.8 
PPt 
PPt 
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TABLE VIII.-DIS~UBIJTZON ~~EFFI~I~ IN @~MHYDROPLU~~UC KID IN AQUEOUS ACETONE 

IOn 
0 

Acetoneconcn., % 

20 40 60 80 90 

UWII) 
Ti(lV) 
Zr(lV) 
V(V) 
NW) 
Ta(V), Pa0 
MoW) 
Fe(II1) 
Zn(II), Cd(II), 
Cu(II), Mn(II), 
Co(II), Ni(I1) 

<1 <l 10 18 39 4000 
tl <I 41 tl 1 
tl <l 1.1 2.5 5.6 i.8 

2 3 4 6 8 5 
<1 1 1.3 1 <1 <1 
<l <1 tl tl tl <I 
tl 1.1 1.6 2-3 4.7 5-6 
<I 4.2 25 230 

>l@ >loa >l@ >lF 

TABLE IX.-DIS~UBLJTION COEFFICIENTS IN 90% METHANOL MwlvREscoNTAINING 
10% OF HYDROPLUORIC ACID OF VARIED MOLARITY 

Ion 
0.15 0.3 

Final HF concn., M 

0.6 0.9 l-2 

uo*m 
Ti(IV) 
=(Iv) 
V(V) 
NW), Tao, 
-0 
MoW0 
Fe(II1) 
Zn(I1) 
WII), Cu(II), 
Mn(II), WII), 
Ni(I1) 

1350 
3 

10.4 
11 

<l 

665 156 82 

i.8 3.5 1 tl 1.4 
8 3 2 

<l <l <1 

6.4 4-2 
>l(r 500 

PPt PPt 
>l(r >lo” 

26i3 
PPt 

>l@ 

l-2 
85 

>l(r 
>lP 

71 
<l 
<1 
tl 
<l 

1 
59 

S-W 
>l(r 

TABLE X.-DISlRIBIJTfON COEPPICIENTS IN 90% ETHANOL rmxTURmcoNTAININa 
10% OF HYDROFLUORIC ACID OF VARED MOLARITY 

Ion 
Final HF concn., M 

O-15 0.3 O-6 0.9 l-2 

ZriIvj 
VW) 

EbCv Tao* 
MoWI) 
Fe(III), Zn(II), 
Cd(II), Cu(II), 
Mn(II), Co(I1) 
Ni(I1) 

1700 
4 

12.5 
13 

<1 

7.8 
PPt 

>l(r 

530 
1 
8.2 

10 
tl 

6.2 
PPt 

131 

i.1 
4 

<1 

5.5 
PPt 

59 
<1 

l-7 
2 

tl 

2.6 
PPt 

>l(r >l(r >l(r 

49 
tl 
tl 
tl 
tl 

1-3 
PPt 

>101 
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TABLE XI.-DISTRIBUTION C~EIWICIENTS IN 90% n-~ROPANOL MIXWIW c!oNrArNxNo 
10% OF HyDROpLuoRIC ACID OF VARIED MOLARI’W 

Final I-IF concn., iU 
Ion 

0.15 0.3 0.6 0.9 1.2 

uauu 
Ti(Iv) 
Z&Iv) 
Vcv) 

::?? Tao, 
MoWI) 

Fe(III), ZnflI), 
WII), cum, 
Mm), corn,, 
Ni(I1) 

1450 

z-3 
16 

tl 

a.4 

PP’ 

550 
1 
9.5 
6 

tl 

6.8 

PPt 

133 
<l 

6.7 
3 

<l 

6.2 

PPt 

76 
<l 

2.2 
2 

<l 

2.8 

PPt 

57 
<1 
tl 
<l 
<l 

1.2 

PP t 

TABLE XII.-DLSTWBWI ON COEPPICIENTS IN 90% ISOpROPANOL MIXTUWS CONTAINING 
10% OF IWDROpLuoRIC ACID OF VARIED MOW 

Ion 

UO*(II) 

Ti(IV) 
Zr(Iv) 
VW) 

NbOr), Tam, 
Pa(v) 
MO(W) 

Fe(III), Zn(II), 
CaII), cum. 
MdII). COW), 
Ni(I1) 

0.15 

4ooo 
2 

13.6 
9 

<I 

8.8 

PP t 

Final HF concn., M 

0.3 0.6 0*9 1.2 

2ooo 505 320 230 

i.8 
<l <1 tl 

6.5 2 tl 
4 3 2 <l 

tl <l <l tl 

7.1 6.4 3.1 1.4 

PP’ PPt PPt PPt 

TABLE XIII.DISTRIBUTION COEPPICIENTS IN 90% ~rmm GLYCOL hnxmms 
CONTAINING 10% OF HYDROFLUORIC ACID OF VARIED MOLARITY 

Ion 

UOAII) 
Ti(IV) 
Zr(IV) 
VW 

NbW), TaO, 
Pa(v) 
MOW) 

Fe(II1) 
Zn(I1) 
Cd(II) 
Cu(I1) 
Mn(I1) 
Wll) 
Ni(I1) 

0.15 

3450 
4 

17.5 
12 

tl 

12.5 

:lS 
t 

jlF& 

PPt 
>lO’ 

Final HF concn., M 

0.3 0.6 0.9 1.2 

2200 628 475 332 
2 1 <l <l 

10.8 7.7 2.6 tl 
7 5 2 tl 

tl <I <I tl 

8.7 7.2 3.8 1.7 

PPt 
3% 

t 
S@ 

PPt 
>lo” >10* 

t 

;;t 

t 

>lO” 
jlF& 

t 

jls@ ?l% 
>1v 

>1v >loS >lW >los 
>w >loS >103 >lo” 
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TABLE XIV.-DISTRIBLITION COF~CIRNTS IN 90% ACETIC KID hu]cTzIREs amrAmmG 
10% OF HYDROI’LUORIC ACID -OF VARIED MOLARITY 

Ion 
0.15 0.3 

Final HF concn., M 

0.6 0.9 1.2 

uo,tw 
Ti(IV), Zr(IV) 
WV) 
FaJr), TW), 

MO(W) 
Fe(II1) 
ZnW, CWW, 
Cu(II), Mn(II), 
Co(H), Ni(I1) 

850 
<l 

2 
<l 

3.8 
PPt 

>loJ 

440 
<l 

2 
<1 

2.9 
t 

A% 

104 
tl 

2 
<l 

1.0 

S& 

88 
<l 
<l 
<I 

<l 
PPt 

>lP 

TABLE XV.DISTRIBUTION COEFFICIENTS IN 90% TETRAHYDROFURAN MDCNRES 
CONTAINING 10% OF HYDROFLUORIC ACID OF VARIED MOLARITY 

Ion 
0.15 0.3 

Final HF concn., M 

0.6 0.9 1.1 

uom 
Ti(IV) 
Zr(IV) 
V(V) 
NW), TaO, 
Pa0 
MOW) 
WIII), Zn(II), 
WII), WII) 
MnW). COW), 
Ni(I1) 

3140 1930 515 400 
tl tl tl <l 
12.8 84 7.2 3.6 
4 2 2 1 

<l tl <l tl 

10.6 7.2 58 3.6 
PPt PPt PP’ PPt 

300 
<l 

2.5 
<l 
tl 

Pit5 

TABLE ~~I.-D~IBV~ON~OE~~~~IENT~IN~~%A~ETONEMDE~~E~ cxmTAlNINc3 
10% OF HYDROFLUORIC ACID OF VARIED MOLARITY 

Ion 
Fii HF concn., M 

0.15 0.3 0.6 0.9 1.2 

UOdII) 
Ti(IV) 
Zr (W 
V(v) 
NW% Tao, 
Pa(V) 
MoWI) 
Fe(III), Zn(II), 
Cd(H), Cu(II), 
MnW), CNI). 
Ni(I1) 

IO” 
3 

10.7 
25 

<l 

93 
PPt 

7800 
2 
7.3 

12 
tl 

7.0 
PPt 

4000 

i-8 
5 

cl 

56 
PPt 

3OcO 
<l 

2.1 
2 

<l 

2.2 
PPf 

2840 
Cl 

1.3 
tl 
tl 

<l 
PPt 

decrease of the overall hydrofluoric acid concentration (see Tables IX-XVI). This 
behaviour does not occur in pure aqueous hydrofluoric acid solutions of varied 
molarity ; in these the distribution coefficient of uranium is invariably lower than 
unity irrespective of the hydrofluoric acid concentration of the media (see Table XVII). 
The same behaviour is shown by Ti, Zr, V, Nb, Ta and Pa so that these elements 
cannot be separated from uranium in the acidity range from 0.15 to 1.2M hydrofluoric 
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TABLS XVII.-DISTRIBUTION ~~EFFI~~NTS IN H~DR~PLUORIC ACID OF VARIED MOLAR~TY 

Ion 
Final HF concn., M 

0.15 0.3 0.6 @9 1.2 

UO,(IIh TiUW <l <l tl <l <l 
Zr(IW vti>. 
:s? Tamy 
Mo(VI) 
Fe(II1) 
Zn(Il), Cd(U), 
WII), Mn(II). 
Co(II), Ni(I1) 

2 2 2 <l <l 
<l Cl <l <l tl 

3.5 1.2 <l <l <l 
25 54 tl <l tl 

>w >l(r >l(r >lW >lV 

acid, although separations of uranium from molybdenum and iron would be feasible 
in 0~15-03M hydrofluoric acid because of the difference in the distribution coefficients 
(see Table XVII). Furthermore a separation of uranium together with the elements 
mentioned above is possible from the bivalent metal ions listed in Table XVII which 
show distribution values of the order of >loS in pure aqueous hydrofluoric acid 
solutions. 

With the use of 90% organic solvent-10% hydrofluoric acid solutions, however, 
uranium can be separated from Ti, Zr, V, Nb, Ta, Pa and MO at all acid concentrations 
shown in Tables IX-XVI. No separation of uranium in these media can be achieved 
from the bivalent metal ions. Consequently a scheme for the separation of uranium 
from most of the elements listed in Tables I-XVII would involve the following two 
steps: (1) adsorption of Zn, Cu, Cd, Mn, Co and Ni from 1.2M hydrofluoric acid 
(see Table XVII; this separates uranium from the bivalent ions but not from Ti, Zr, 
V, Nb, Ta, Pa and MO which pass into the effluent together with uranium); (2) 
adsorption of uranium from, e.g., 90% acetone-10% 12M hydrofluoric acid (see 
Table XVI; this separates uranium from Ti, Zr, V, Nb, Ta, Pa and MO). For the 
elution of adsorbed uranium 0*15-1.2M hydrofluoric acid may be employed. 

While these elements are not retained on Dowex 50 from pure aqueous hydrofluoric 
acid solutions of varied molarity (see Table XVII), some adsorption is observed in 
the mixed aqueous-organic systems shown in Tables I-XVI. In the latter media the 
adsorbability of titanium is usually lower than that of zirconium, and when the 
concentration of the nonaqueous component is increased the distribution coefficient 
of titanium reaches a maximum at 40% organic solvent concentration. This is true 
for the systems containing methanol, ethanol, n-propanol, isopropanol and methyl 
glycol (see Tables I-V) but not for those shown in Tables V-VIII in which titanium 
shows the same behaviour as in pure aqueous hydrofluoric acid solutions, i.e., no 
adsorption of titanium is observed. 

In the case of zirconium the adsorption increases rather regularly with an increase 
of the concentration of the organic components of the mixtures (see Tables I-V, VII 
and VIII). Only in acetic acid-O.6M hydrofluoric acid mixtures (see Table VI) does 
zirconium show the same adsorption behaviour as in pure aqueous hydrofluoric acid 
solutions (compare data of Table VI with those shown in Table XVII). 
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With an increase of the hydrofluoric acid concentration in the mixed aqueous- 
organic systems the distribution coefficients of both titanium and zirconium invariably 
decrease (see Tables IX-XVI). Because the distribution coefficients of titanium and 
zirconium in several of these systems are sufficiently different from each other, separa- 
tions of these elements in some of the mixtures should be possible. 

Vanadium(V), niobium(V), tantaium( V), protactinium(V) and mofybdenum( VT) 

Vanadium and molybdenum are slightly adsorbed from some of the systems shown 
in Tables I-XVII, but niobium, tantalum and protactinium are very little if at all 
retained by the resin. Therefore separations of these elements from one another can- 
not be achieved though they can be readily separated from uranium, iron(II1) and 
bivalent metal ions. Separation of niobium from zirconium is possible in several 
media. 

Iron(III) and bivalent metal ions 

In the mixed aqueous-organic media shown in Tables I-XVI, iron(II1) shows an 
adsorption behaviour which is similar to that of uranium(VI). Consequently separa- 
tions of these two elements cannot readily be achieved in most media, though iron is 
separable from the bivalent metal ions as well as from Ti, Zr, V, Nb, Ta, Pa and MO. 

In all the media investigated all of the bivalent metal ions, i.e., Zn, Cd, Cu, Mn, 
Co and Ni, have distribution coefficients which are of the order of >109 (see Tables 
I-XVII) so that separations from each other are impossible. They can only be sepa- 
rated from the slightly adsorbed elements. On the basis of these results it can be 
concluded that the bivalent metal ions do not form anionic fluoride complexes which 
would prevent their retention by Dowex 50. On the other hand all of the other metal 
ions investigated do form such complexes, with stabilities which vary with the different 
conditions employed. 

ZusammaDie charakteristischen Kationenaustauscheigen- 
schaften van 15 Elementen mit dem stark sauren Kationenaustauscher- 
harx Dowex 50 x8 wurden in Medien untersucht, die wechselnde 
Konxentrationen organ&her Lasungsmittel und wi33rige Fl~s&rre 
enthielten. Die Verteihmgskoefhxienten wurden in 0,15-1,2 M flu& 
sauren Wsurrgen bestimmt die O-90% der organ&hen L&mgsmittel 
Methanol, Athanol, n-Rropanol, Isopropanol. Methylglykol, Aceton, 
Tetrahydrofuran und Essigsiiure ethielten. Auf Grund dieser Vertei- 
lung&ten werden Moglichkeiten von Trennungen der verschiedenen 
Elemente voneinander angegeben und diskutiert. 

R&am&-On a etudie les caract&istiques d%hange de cations de 15 
&nents avec la r&ine &angeuse- de cations fortement acide Dowex 
50 x 8 dans des milieux contenant des concentrations variables de 
solvants organiques et d’acide fluorhydrique aqueux. La d&ermination 
des coefficients de partage a et6 me& dans des solutions 0,15-1,2iW 
en acide fluorhydrique contenant O-90% des solvants oraaniaues 
m&hanol, ethanol, ri-propanol, isopropanol, m&bylglycol, “&&e. 
t&rahvdrofuran et acide ac&iaue. En se basant sur ces dorm&s de 
parta& on montre les possibi&s de separations des divem&me&et 
en discute. 
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SHORT COMMUNICATIONS 

Determination of moisture on thorium dioxide by a conlometric electrolytic 

measurement with electronic integration 

(Receiued 11 ABUSE 1967. Accepted 18 August 1967) 

METHODS available for the determination of moisture sorbed on solids range from indirect measure- 
ments, such as loss on drying, to direct measurements such as the absorption of evolved water on 
magnesium perchlorate and the Karl Fisher titration. I.* The choice of method is generally dictated 
by the quantny of moisture present, its atllnity for the solid, and the sample composttion. In the case 
of sintered thorium dioxide, the primary consideration is the ability to measure accurately very small 
quantities of water. 

The Consolidated Electrodynamics Corporation, Pasadena, California, markets a Solids Moisture 
Analys=, q-p 26321A, based on the couiometric electrolytic principle. An accuracy of f20 pg of 
water or &2 /, of the final readine. whichever is larser. is claimed. The desire for areater ore&ion - I_ 

and accuracy when the amount of’-water available & measurement is small, led to’develo~ment of 
the methodology and instrumentation described herein. The method should be readily adaptable 
to many mater& other than thorium dioxide. 

Apparatus 

EXPERIMENTAL 

Beckman electrolvtic hygrometer model 17901. 
Dymec voltaget&reqGircy converter model 5207-l. 
Beclanan Rerkelev EPUT meter model 7151-6. 
Honeywell Electr&dk recorder model 19 (or an equivalent instrument). 
A 6-m. tube furnace (l-in. diameter) with a variable autotransformer for temperature control. 

The furnace should be so constructed that the upper half can be raised if rapid cooling of the 
tube is desired. 

The heating tube is 25-mm Vycor and 11 in. long. The male part of a 35/2O ball and socket joint 
is sealed to one end of the tube to serve as a sample port for the introduction of platinum boats 
(3 x # x 8 in.) holding the text specimens. An g-mm dia. sidaann, 2f in. from the sample port, 
allows the introduction of the SW 

“& flushing system which keeps the tu 
gas into the heating tube and at the same time serves as a back- 
dry when opened for specimen introduction. The tube is also 

fitted with an exit side-arm and thermocouple well. 
with 12/5 ball and socket joints. 

As indicated in Fig. 1, the side-arms are fitted 
The joints permit union with steel joints which are in turn soldered 

to copper tubing. A stop-cock is located upstream from the heating tube; this stop-cock permits 
regulation of the sweep gas during specimen loading. 

Procedure 
After assembly of the components as illustrated in Fig. 1, the system is dried with argon sweep 

gas (moisture content less than 1-O ppm) maintained at 14 psig. 
is regulated to 100 cm*/min. 

The gas flow through the hygrometer 

Results reported in this paper were obtained with the following instrument settings. 
1. Hygrometer meter selection switch-loo0; the recorder and Dymec voltage-to-frequency 

converter were u~mected to the lO-mV taps on the hygrometer terminal strip. 
2. Voltage range on the V-F converter-O to 0.1 V. 
3. Di ‘tal divider on the EPUT meter-10. 

With a 
’ &sot&ponentsshouldbein~’ counts/min. 

s stem the background count rate on the EPUT meter should not exceed several 

is inserted. Heating is begun immediately 
non when the heating tube is opened and a specimen 
the tube is resealed. The specimen must be heated at 

such a rate that the resulting moisture in the sweep gas never exceeds the operating capacity of the 

129 
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Sweep 

i___----D’Yb%___-_--A -- 

FIG. I.-Apparatus for determming moisture on solids. 

hygrometer-1000 ppm. When the desired maximum temperature is reached, it is maintained until 
the count rate on the EPUT meter diminishes to background. 
is 20-30 min. 

The time required for a determination 

RESULTS 

The assembled instrumentation was calibrated with sodium tartrate dihydrate (1566% watt) 
and barium chloride dihydrate (14.75% water). Prior to their use, the water content of each was 
veritied by drying weighed amounts at 150“. The results of this calibration are given in Table I. 

A procedure similar to that used for instrumentation calibration was employed in the analysis 
of a sintered thorium dioxide specimen. Typical results are shown in Table II. 

TABIZ I.--CO~BJX PEa MICROGRAM OF WATER OBTAINED FROM SODIUM 
TARTRATE DUiYDRATE AND BARIUM CHLORIDE DEIYDRATE+ 

Water 

Sample 
Weight, calculated, Total 

mg fig count7 Counts/pg HsO 

Na,CIH10,.2H,0 0.186 
0.701 

1:: 2140 74 
8150 74 

1.206 189 13730 73 
1401 219 15850 72 
1.677 263 19500 74 

Bac1*2H*0 0.211 31 2350 76 
1.030 152 11380 75 
2255 333 25600 77 
2.293 338 26000 77 

* Furnace temperature 150°C. 
t Adjusted to eliminate the cumulative background count; the blank for the 

platinum boat was less than 100 counts in 20 min (equivalent to 1.3 rug of water) 
and no correction was applied for it. 
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TABLE II.-DEIERMINA’I?ON OF WATER SORBED 
ON SINTERED THORIUM DIOXIDE 

Weight, Water+ 

Sample g pg PPm 

: 3.5725 7.8952 
3 2*2475 

4 7.8629 

5 6.0794 

6 6.9287 

As As received received 
Ignited at 909“C-placed in 
reaction tube while still hot 
Ignited at 9OO’C-cooled in 
desiccator (d&rite) 
Ignited at 900°C followed by 
exposure to lab. atmosphere 
for 1 day 
Ignited at 900°C followed by 
exposure to lab. atmosphere 
for 14 days 

158 72 E 
<l-O to.5 

141 18 

115 19 

147 21 

l Based on 75 counts/~g H,O; furnace temperature 350°C. 

DISCUSSION 

Performance specitications of the various components employed in this determination, used in 
conjunction with the instrument settin 

f* counts /pg of water. The essentials 0 
set forth in this paper, permit a calculation of the theoretical 

this calculation are as follows. 
Assume sweep gas contains 1000 ppm moisture and flows for 1 min. 

(u) With a flow-rate of 100 cm*/min, 0.1 cm* of H,O(s) or 80 rg of H,Ou, will enter the hygrometer. 
(b) At full-scale de&&on (1000 ppm moisture), the hygrometer output is 10 mV. Thus the input 

into the V-F converter is 10 mV. 
(c) The V-F converter produces 10,080 output pulse&c for 0.1 V input. A 10 mV input will thus 

produce 1000 output pulse&c or 60,000 pulses/min. 
(d) With the digital divider on the EPUT meter set at 10, every tenth pulse is counted. Thus 60,008 

ulses/min will produce 6000 counts/min. 
(e) !krefore, 6000 counts/mm represents 80 pg of water passing through the hygrometer in 1 min, 

and 75 counts will represent 1 rug of water. 
The average number of counts/~g of water obtained (Table I) is 74. It is the authors’ opinion 

that the spread in values (&5x) shown in Table I can be attributed to weighing (standard samples 
restricted to 0.1-2.5 mg) and to transfer errors. If this is the case, better accmacy will be attained 
when larger samples (thorium dioxide) are analysed. Unfortunately, we do not possess standards 
that permit us to test this belief. 

The moisture values presented in Table II indicate that (a) the method yields excellent precision 
on thorium dioxide, (f~) the sample of thorium dioxide selected for testing did not readily sorb 
moisture from the air, and (c) special handling precautions for thorium dioxide samples in the 
laboratory are not necessary unless there is an interest in very low moisture content (in this respect, 
the entire heating chamber is readily adaptable to a dry box enclosure). 

A recorder was employed to provide a profile of the rate at which moisture is released from a speci- 
men (OS. temperature and time). For routine analyses, the recorder can be left out. 

The flexibility of the components comprising the total moisture instrumentation is demonstrated 
in the calculation of the theoretical counts/~g of water. The calculation indicates that by use of other 
instrument settings, the apparent sensitivity of the moisture measurement can be increased or 
decmased. 

While the instrumentation was designed specifically to measure moisture on sintered thorium 
dioxide, its applicability to other solid materials is self-evident. For example, the method has been 
applied to the determination of moisture on uranium oxide. In addition, with hydrogen used as a 
sweep gas, the instrumentation has been applied to the measurement of oxygen-to-uranium ratios 
in uo,,. The ratios are in agreement with those obtained by other techniques. 

The proper functioning of the phosphorus pentoxide desiccant in the electrolytic cell is absolutely 
essential to this moisture procedure. Beckman literature indicates that the following materials 
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prevent proper moisture measurements; alcohols, ammonia, amines, basic gases, unsaturated 
hydrocarbons, corrosive gases and dust particles. Consequently, solids which will yield these 
substances on heating are not suitable for this type of moisture analysis. 

Whenever a heating procedure is used to remove moisture sorbed on a specimen, it is well to 
bear in mind that results may be distorted if the specimen undergoes decomposition or a reaction 
occurs between the specimen and a temporarily morst atmosphere. 

General Electric Company 
Nuclear Materin& and Propdsion Operation 
Cincinnati, Ohio, U.S.A. 

E.ASCHA~FER 
J. 0. HIBB~ 

Snnmnu7-The coulometric electrolytic principle is utilized for 
the measurement of moisture sorbed on sintered thorium dioxide. 
Moisture is removed from the sample by heating and is swept by dry 
argon gas through a hygrometer. The resulting hygrometer output 
is converted into frequency pulses and counted cumulatively. The 
instrument is calibrated by use of standard hydrated chemicals. The 
number of counts/~g of water obtained from standards compares 
favourably with the theoretical number of counts/pg calculated from 
performance specifications of the components employed. The error is 
~5% for l-350 pg of water. A high sensitivity and low operating 
blank recommends application of this method to materials other than 
thorium dioxide, havmg very low moisture contents. 

R&m&-On utilise le principe coulomttrique &ctrolytique pour la 
mesure de l’humidite sorb& sur le bioxvde de thorium fritte. L’humi- 
ditt est &hnin6e de l’&hantillon par &a&age et est balaycC par de 
l’argon set a travers un hygrom&re. Le signal rCsultant de l’hygro- 
m&e est converti en impulsions de frCquence et compte cumulattve- 
ment. L’instrument est calibr6 par l’emploi de produits chiiques 
hydrates &talons. La valeur du comptage/pg d’eau obtenue a partir 
des &talons est favorablement comparable a la valeur theorique du 

/pg calculee a partir des sp&ications de rendement des 
L’erreur est tS % pour l-350 pg d’eau. Une 

et un temoin faible recommandent l’application de 
cette mtthode a des substances, autres que le bioxyde de thorium, 
ayant une t&s faible teneur en humidite. 

Zosammenfasmn-Das Prinxip der coulometrischen Elektrolyse wird 
fur die Messung an gesintertem Thoriumdioxid adsorbierter Feuchtig- 
keit verwendet. Die Feuchtigkeit wird durch Erhitzen aus der Probe 
entfemt und durch trockenes Argon durch ein Hygrometer gespillt. 
Die Anxeige am Hygrometerausgang wird in Frequenximpulse um- 
gewandelt und integrierend gexahlt. Das Instrument wird mit stan- 
dardisierten Hydraten geeicht. Die Anxahl von Zahlimpulsen pro 
rg Wasser aus &ndard~stimmt gut mit dem Erwartungswert nach den 
aneeeebenen Betriebsdaten der verwendeten Bauteile t&rein. Der 
Fe&r liegt fti l-3S0 pg Wasser unter 5%. Hohe Empflndlichkeit 
und geringer Blindwert empfehlen das Verfahren such bei anderen 
Materialien mit sehr geringem Feuchtigkeitsgehalt auRer Thorium- 
dioxid. 
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Determination of critical micelle concentration of non-ionic surfactants 

by electrocapillary curves 

(Received 26 January 1967. Accepted 15 July 1967) 

SURFACE active agents, even in trace quantities, can have a remarkable influence on electrode pro- 
cesses. Adsorption of these substances at the electrode surface may decrease the limiting currents, 
shift the half-wave potentials, and in some cases obliterate the entire wave, and may also cause 
minima or deceiving split waves. 

Adsorption of highly surface-active organic compounds also influences the conventional polaro- 
graphic drop-time measurements. This has recently been demonstrated by Barradas and Rimmerler 
who obtained electrocapillary curves in the potential range of +O*l to -1.0 V (vs. S.C.E.) for O*lM 
potassium chloride solution8 of the organic additive from 3.0 x lo-’ to 2.1 x 10dMin concentration. 

We have made use of this effect to determine the critical micelle concentration (C.M.C.) of some 
non-ionic surfactants, viz., Nonidet P40, Nonidet P42 and Nonex 501. The C.M.C. values so 
obtained have been compared with the values obtained by the maximum-suppression, surface tension 
and iodine-solubihxation methods. 

EXPERIMENTAL 
Non-ionic surfactants viz. Nonidet P40 (polyethylene oxide condensate. lOO%), Nonidet P42 

(condensation product of dioctyl phenol and ethylene oxide) and Nonex 501 (methoxy-polyethylene 
&co1 laurate) were B.D.H. products. Other reagents used were either analytical reagent grade or 
%emically pure products. Doubly distilled water-was used for preparing the-solutions: - 

A Hevrovskg DolaroeraDh LD 55A with a Pve Scalam~ aalvanometer was used for nolaroarauhic 
and elec&capilh&y mea&r&&s. The solutior& were dera&ated by bubbling hydrogea’throul$htbem 
in H-type polarographic cells. At least 20 drops were counted and the drop-time was measured with a 
precisron stop-watch. Each set of measurements at a constant potential was repeated three times. 
The electrocapillary data were obtained from 0.0 to -1.2 V vr. S.C.E. (Fig. 1). The temperature 
was maintained at 25” f 0.1”. Drop-times were plotted vs. surfactant concentration (Figs. 2-4). 
The C.M.C. value was obtained by tiding the surfactant concentration at the inte-mection of the 
extrapolations of the steep part of the curve and of the fmal horizontal portion. 

Maximum-suppresstin method 
Polarographic measurements were made by introducing a known volume of the metal salt solution 

(0.OlM nickel or O+lOSM cobalt) into the polarographic cell, adding the supporting electrolyte 
(1M potassium chloride) and making up the total volume to 10 ml. The solution wan de-aerated 
and the polarogram taken, then the process was repeated in the presence of the non-ionic surfactant, 
the C.M.C. of which was to be determined. An increasin g amount of the surfactant was added until 
the maximum was completely eliminated. The details of the method are described elsewhere.* 

Iodine-solubilization method8 

For the determina tion of the C.M.C. by this method, absorption measurements were made with 
a Bausch and Lomb Spectronic-20. 

A stock solution of iodine was prepared, wntaining 127 mg/l., and diluted with different amounts 
of surfactants. The spectrophotometric measurements were made at a wavelength of 36Omp 
(iodinemicelle complex absorption maximum). It was always found useful to take the reading 
within an hour of preparation of a solution because of a slow fading of the colour of the iodine- 
micelle complex. 

RESULTS AND DISCUSSION 
Figure 1 shows the variation of drop time with concentration of Nonldet P42 from 0.0 to -1.2 V 

vs. the S.C.E. Curve A in Fig. 1 shown the relationship between the electrode potential and the drop 
time in O*lM potassium chloride. The curve in symmetrical and parabolic, showing specifically no 
adsorption on the mercury surface. However, with increasing concentration of Nomdet P42, or one 
of the other two non-ionic surfactants, the electrocapillary maximum (E.C.M.) shifts towards more 
positive potentials (Fig. 1, curves B to H). 
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TABLE ~.-COMPARATI~B C.M.C. VALUES OF NON-IONIC SURFACTANTS 

Method 
Nonidet P40, Nonex 501, 

811 gll 
Nonidet P42. 

gl[ 

1. Electrocapillary method 
in O*lM KC1 7.6 x 10-l 4.7 x lo-’ 13.8 x IO-’ 

2. Iodine solubilimtion 
method in water 12.0 x 10-L 4.8 x 10-l 35.0 x IO-’ 

3. Surface tension method 12.5 x lo-’ 6.2 x lo-’ 39.8 x lo-’ 
4. Polarographic maximum- 

suppression method 
Co” in O.lM KC1 2.3 x IO-’ 2.3 x lo-’ 8.6 x 10-a 
Nil+ in @lM KC1 3.6 x IO-’ 2.3 x 10-a 11.6 x lO-’ 

This shift needs a little explanation since only ionic surfactants are known to effect such a change. 
With non-electrolytes such as amyl alcohol, no shift of the E.C.M. is observed and only a tlattening 
of the top takes place.’ A similar behaviour was observed by us with the non-ionic soap, lauric acid 
diethanolamine condensate.5 The peculiar behaviour shown by the non-ionic surfactants under 
investigation can be explained in the light of the model purposed by Rarmdas and Kimmerld for 
multilayer adsorption of Triton X-100, Triton X-305 and other similar compounds. 

According to them the first adsorbed layer of the non-ionic surfactants extends its contracted 
“xig-xag’* hydrophilic portions towards the solution. A second layer is then assumed to form by 
intermolecular hydrogen-bonding with another perpendicular array of surfactant molecules, and a 
third layer is formed by van der Waals attractive forces between similar non-polar ends of the mole- 
cules. Further, each compact array of the surfactant molecules may form hydrogen bonds with 
some water molecules since it is well known that mice&u structures of these surfactant molecules 
are usually hydrated.’ 

Figures 2-4 show plots of drop-time against log of concentration for the potential range -0.1 
to 1-O V. These curves show an initial slow change followed by a sharp decrease in droptime until 
a concentration of 10-* g/l is reached, when the curves show signs of flattening out. Since flattening 
sets in at the same concentration irrespective of the potential applied, this concentration can be taken 
as the point of incipient micelle formation The results for the three surfactants are given in Table I. 

The C.M.C. values determined by the other three methods (Table I) reveal that the values obtained 
from the surface tension and iodine-sohtbilization methods are comparable and lie in almost the same 
concentration range. The values obtained from the polarographic maximum suppression method, 
however, vary markedly from those found by the other three methods. This dtsuepancy may be 
attributed to the very small amount of non-ionic, as compared with ionic surfactants, required to 

TABLE IL-COMPARATWE C.M.C. VALUES OF ANIONIC SURFACTAN~S* 

SPSA. STSA, SXSA, 
gll 811 gi’ 

1. Polarographic maximum- 
suppression method, 
Ni*+ in O*lM KC1 3.6 x lo-’ 21.2 x 10-x 17.0 x IO-’ 

2. pH method 
(without electrolyte) 6.10 x lo-’ 7.10 x lo-’ 9.4 x lo-’ 

3. Conductometric method 
(without electrolyte) 18.9 x lo-* 22.7 x 10-l 25.1 x 10-a 

SPSA = sulphonated phenylstearic acid. 
STSA = sulphonated tolylstearic acid. 
SXSA = sulphonated xylylstearic acid. 
l C.M.C. values taken from Ref. 7. 
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suppress the maxima 
of the C.M.C. values. 

with the result that the polarographic measurements fail to give a true measure 
Investigations with ionic surfactantsa give comparable values since much higher 

concentrations are reouired for the suppression of the nolarogranhic maxima than with non-ionic 
surfactants (Table II): It appears, the&fore, that the p&arogr~phic maximum-suppression method 
is not suitable for the determ&tion of the C.M.C. of non-ionic surfactants. Instead, the polaro- 
graphic method based on the shift of electrocapillary curves in the presence of varying concentrations 
of the surfactant may be fruitfully employed. 

Acktww&a&ment-Thanks are due to C.S.I.R. (India) for the grant of fellowships to Puran Chand 
and S. M. Saleem. 

Chemical Laboratories 
University of Roorkee 
Roorkee. India 

WAHID U. MALIK 
PuRANCR4ND 
S. M. SAIEEM 

Summary-A method ls described for the determ&tion of the critical 
micelle concentration of non-ionic surf&ants by measurement of 
their effect on the electrocapillary curves for a dropping mercury 
electrode. The method was compared with the iodine-solubilization, 
surface tension, and polarographic maximum suppression methods. 

Z-Em Verfahren zur Restimmung der kritischen 
Micellkonzentration nichtionischer obull~henaktiver Substaruen 
wlrd angegeben. Dabei wird ihr RinSu@ auf die Elektrokapillarkurven 
einer Quecksilbertropfelektrode gemessen. Das Verfahren wurde mit 
den Methoden der Jod-Solubillsierung, der Oberfi&henspanmmg und 
der Unterdrtickung polarographischer Maxima verglichen. 

R&mm&On d&it une methode 
ur! 

our la d&rmination de la concentra- 
tion critique en mlcelles de s actants non ioniquca par mesure de 
leur efIet sur les courbes Clectrocapillaires pour une electrode a goutte 
de mercure. On a compare la m&ode avec celles de solubilisation de 
l’iode, de tension superhcielle et de suppression du maximum 
polarographlque. 
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Carrier-free separation of llsmIn from irradiated Cd by solvent extraction witb 
l-phenyl-3-methyl-4caproylpyrazolone-5 

(Received 10 JuIy 1967. Accepted 12 Awust 1967) 

SHORT-LIVED y-emitting radionuclides milked from longer-lived parent nuclides have found consider- 
able application in biological investigations. Because of their short half-life, such nuclides may be 
administered in large doses without danger of excessive radiation dosage. Among the most promising 
systems for scintillographic determinations suggested by Pal et ul.l is 11scd-116mln. llsmIn is adminii- 
tered in the form of labelled compounds. It forms stable chelates with ethylenediietetra-acetate 
(EDTA) or diethylenetriaminepenta-acetate (DTPA). Although ionic indium is one of the most 
toxic of all metals,sd comparable to many1 and memury(II) ions, carrier-free indium may be ad- 
ministered safely to patients. The desirable characteristics which trsmIn possesses are a short half-life 
of 44 hr, a monoenergetic y-emission of 335 lceV (95 ya by isomeric transition6 and 860 lceV (5 ya 
/?-emission which does not contribute much to the radiation dosage. &cause of its favourable 
physical, chemical and biological properties, this isotope can be considered as a source of new methods 
in isotopic diagn0stics.l Various methods for its production followed by ioncxchange‘~’ and solvent 
extraction698 techniques have been reported in the literature. 

In this paper, a method is presented for milking of llsmIn from its parent ll‘Cd by using l-phenyl- 
3-methyl-4-caproylpyraxolone-5 (PMCyP) in an lsobutyl methyl ketone (MRIK) and water system. 
The method of synthesis and the physico-chemical constants of 4-acyl derivatives of I-phenyl3- 
methylpyraxolone-5 as chelating agents have been reported by Jen~en.**~* Zolotov et ai.11-U have 
used the 4-benxoyl derivative of l-phenyl-3-methylpyraxolone-5 for the extraction of Ca, Sr, SC, 
Mn, Fe@), Zr and Pu(IV) from various aqueous media with various solvents, and the 4-caproyl 
derivative of I-phenyl-3-methylpyraxolone-5 has been previously usedlclo for the extraction of 
&‘Mn, %o, s°Fe, MY, 6s*wSr (from fission products) and llQl (from ftssion products). 

We studied the extraction of a large number of elements with PMCyP/IBMK, intending to apply 
the data obtained to resolve analytical and radiochemical problems. It was found that PMCyP is 
a very effective extractant. 

H a316 GHl6 

I/ / 

&cc----c-c H6C c C-C 

!l C “\O 
* 

!J h ‘OH 
\N/ \ 

0 
\N/ \ 

0 
I 

C6H6 LH6 

Keto En01 

PMCyP is a &liketone and exists in both the keto and the en01 form. The yellow-green en01 
form is obtained by recrystallixation from heptane while the colourless keto form is obtained by 
recrystallization from an ethanol-water mixture. No di&ence ln the behaviour of these two forms 
was observed. In the present work, the keto form was used. 
‘l6Cd. 

llunIn is obtained by the beta-decay of 

EXPERIMENTAL 
Apparatus 

A Radiometer pH meter PHM 22 was used for pH measurements. Separatory-funnels (25~ml) 
were used for the separation of phases and ordinary glass tubes were used for manti shaking in the 
xtmctmn study. In the production procedure, agitation was done with a magnetic stirrer and the 

thole operation was performed behind lead shielding. 

Materials 

Preparation of l-phenyl-3-methyb4-caproy~yrazo~one-5 (PMCyP). Diilve l- henyl-3-methyl- 
pyraxolone (17.4 g) in dioxan (50 ml) in a flask equipped with a sturer, separatory- P unnel and reflux 
condenser, using a very low flame. Add calcium hydroxide (10 g) and then caproyl chloride (10 g) 
dropwise in 1 min. Stu the mixture, heat it with an infrared lamp and reflex it for 90 min till the 
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yellow calcium complex is formed. Decompose the calcium complex by adding 100 ml of 3N 
hydrochloric acid; cream crystals separate. Recrystallize the crystals from an ethanol-water mixture 
containing a little hydrochloric acid to destroy any undecomposed calcium complex. The crystals 
are colourless; yield 83 %, m.p. 76”. Use as a 1% solution in isobutyl meth 1 ketone (IBMK). 

P All the other reagents were of analytical reagent grade and used without urther purification. 
The radionuclides l”X!d and llrmIn used as tracers were prepared locally. 

Standard buffers of potassium chloride and hydrochloric acid, hydrochloric acid and potassium 
hydrogen phthalate, sodium hydroxide and potassium hydrogen phthalate, and sodium hydroxide 
and boric acid were used to cover the pH range l-10. 

The characteristic radiations were measured with an end-window G.M. counter. A &r-ionization 
chamber was used for measuring the final yield. A 512-channel analyser coupled with a 3 x 3 in. 
NaIQ crystal was used to demonstrate the radiochemical purity. 

Taget prepation 
Enrich4 “‘cd in oxide form obtained from Oak Ridge National Lab. (U.S.A.) was used for the 

irradiation; it had the following specifkation. 

Isotope Atomic % 

‘Y!d to-01 
ro%d <o-o1 
““Cd 0.07 
‘l’Cd 0.09 
ll’Cd 0.26 f 0.02 
““cd 0.33 f o-02 
l”Cd 99.09 * 0.05 
“@Cd 0.07 * 0.02 

A spectrographic analysis was also provided and showed that the content of other elements was 

Al, Cr. Co, Ga, In, Ni, Pt. Sb, Ta, W, Zr, Li < 0.05%; 
Ag, B, Ba, Ca, K, Mg, Sr, Ti < 0.01%; 
Cu, Na, Si 0.1%; Bi, Fe, Mn, MO, Pb, Rb, Sn, V < 0.02%; 
Zn,Th<O-2%; Be<O*OOl%. 

Enriched ii*CdO (1-O mg) was enclosed in a quartz ampoule and irradiated for 2 hr with a pile 
factor of 1500 for thermal neutrons. The nuclides 9*2-mCi rrsCd (2.3 dav) and 0*08-mC PmCd 
(45 day) were calculated to be produced during the irradiation. . 

Determination of distribution ratio 
To 2 ml of a buffer solution, tracer solution (0*1-02 ml, activity 5000-10000 cpm, containing 

10-20 ue of the ion concerned) was added. 2 ml of 1% solution of PMCvP in IBMK were mixed into 
it, and t%e whole was shaken for 1 min. The phases were centrifuged, ‘separated and counted. The 
activities of the organic phase were measured before and after equilibration by counting the charac- 
teristic radiations. The activities in the aqueous phase were also measured for material balance. 
The distribution ratio (0) was calculated as the ratio between the activities in the organic phase and 
the aqueous phase. 

Separation of llsmIn 
The irradiated quartz ampoule was broken carefully in a 50-ml conical flask and the target was 

dissolved in 2 ml of 1M hydrochloric acid (behind lead shielding) and heated to dryness. The residue 
was dissolved in 10 ml of aqueous solution buffered at pH 2.8 (26.42 ml O*lM hydrochloric acid + 
50 ml of O*lM potassium hydrogen phthalate and diluted to 100 ml). The solution was transferred 
to another conical flask The quartz am 

F 
oule was rinsed with 5 ml of buffer solution to free it from 

adhering active cadmium. The 15 ml o 
llsmIn was milked every day for a week. 

aqueous solution were preserved as a “cow” from whiih 
Thus was done by mixing 15 ml of 1 ‘A solution of PMCyP in 

IBMK with it, agitating the mixture with a magnetic stirrer for 1 min, and removing the organic 
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In 

Cd 
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1 2 3 4 5 6 7 8 g 10 pH 

FIG. l.-Effect of pH on the extraction of 
Cd and In with a 1% solution of 

PMCyP in IBMK. 

FIG. 2.-Gamma spectrum of llsmIn 
separated from irradiated cadmium. 

b.s. = back-scattering. 

layer by pipette, leaving the a 
ll”IIn was stripped with 5 ml o 9 

ueous layer for further growth of lr~~ From the organic phase, 
1M hydrochloric acid. 

good decontamination factor from cadmium. 
The extraction cycle was repeated to obtain a 

The fmal solution of ‘-In Cl, was obtained in @lM 
hydrochloric acid. 

RESULTS AND DISCUSSION 
The results reported are the mean of three runs. The extraction curves for cadmium and indium 

in Fig. 1 show that the extraction is pH dependent, cadmium bemgquantitatively extractedatpH54- 
8.2 with negligible extraction below pH 3.0, and indium shows maximum extraction (985%) at 
pH 28. Extraction at controlled pH makes possible the separation of these two elements from each 
other. In the procedure used, the extraction at pH 28 carried 0.1% of cadmium activity along with the 
indium. The contamination by cadmium was further lowered by repeating the extraction cycle. 
The radiochemical procedure was tested by separating the indium activity from a synthetic mixture 
containing 20 ,&i of llunIn and 20 PCi of r”Y!d. The gamma spectrum of ll~In separated from 
irradiated 114Cd is reproduced in Fig. 2, and the main nuclear parameters of llsmIn and ““Cd are 

TABLE I.-MAW NUCLEAR PARAMFIIRS 
OF llsmIn and llsCd 

Half-life, EP* EY, 
hr 

4.5 
53 

keV keV 

840 (5 %) 335 (95 yd 
590,630 33,230,260 
860,112O 263,493,523 

given in Table I. No interference from cadmium activities was detected. Only one intense peak at 
-335 keV was obtained and this was compared with a standard. A decontamination factor of 
1 x 106 with a yield of 8540% was obtained. The separation took less than 1 hr. 
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M. Y. Mnulr 

spmmarY_-A method is presented for the routine mllklng of the 
4f-hr half-life nucllde -mIn from its 2.3 day half-life parent “‘Cd. 
The method utilizes the extraction of In and Cd from aqueous solution 
at various pH values, I-phenyl-3-methyl4caproylpyraxolone-5 in 
isobutyl methyl ketone being used as extract@ agent. A 

!ood decontamination factor was obtained and the yield of l*-In rom 
residual cadmium activity was 85-90 %. 

RM p&ente une mcthode pour la s6paration de routine du 
nucleide llrmIn de demi-vie 4,5 h de son parent lXsCd de den&vie 
53 h. La methods utilise l’extraction de In et Cd d’une solution 
aqueuse B diverses valeurs du pH, la lphenyl J-methyl 4-capryl 
pyraxolona5 en isobutylm&hylc&one &ant employ& comme agent 
d&&action. On a obtenu un bon facteur de decontamination et le 
rendement de ll‘mIn a partir de l’activite rtsiduelle du cadmium a et6 
de 85-90 %. 

Znsammenfassnag-Elne Vorschrift xur routinemill3igen Abtremmng 
des Nuklids tlamIn mlt 4,5 Stunden Halbwertsxeit von seinem Mutter- 
m&lid *l‘Cd mit 53 Tagen Halbwertsxeit wird mitgeteilt. Die Methode 
venvendet die Extraktion von In und Cd aus wtiriger Wsung bei ver- 
schiedenen pH-Werten mit I-Phenyl-3-methyl4caprylpyraxolon-5 ln 
Methylisobutylketon als Extraktionsmittel. 
faktor e&hen; die Ausbeute von 

Es wurde em guter Trenn- 
*l‘mIn aus der restlichen Cadmium- 

aktivitiit betrug 85-90%. 
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Precipitation of beryllium in presence of succinate by the urea hydrolysis 
technique 

(Received 4 July 1967. Accepted 7 August 1967) 

IN A previous communication1 we reported our observations regarding the precipitation of beryllium 
in the presence of sulphate by the urea hydrolysis technique. We found subsequently that, as in the 
case of al&urn,* beryllium can be precipitated as a dense and easily filterable precipitate in the 
presence of phthalate and succinate. One obvious advantage of these latter ions is their easy removal 
from the precipitate. Also, the precipitates are denser than the basic sulphate. A detailed study 
of the precipitation of beryllium in presence of these ions was therefore made. Precipitation in pres- 
ence of phthalate* takes place at a higher pH than that in presence of succinate and has no special 
advantages. The precipitates behave similarly to the basic sulphate. 

Regents and apparatus 
EXPERIMENTAL 

Bery&m nitrate solution. Standardized gravimetrically by the ammonia precipitation method. 
Potassium succinate soiution, 10% w/v. 
All solutions were Altered to remove any suspended impurities, and were made from analytical 

grade reagents. 
The apparatus was that used previ~usly.~ 

Procedure 

The solution containing 7-40 mg of beryllium, 1 g of potassium succinate and 4-6 g of urea is 
diluted to 250 ml and gently boiled on a hot-plate for 1 hr. the volume bein 
of distilled water from time to time. % 

kept constant by addition 
The precipitate is allowed to settle an filtered off on a Whatman 

No. 41 paper with a little pulp at the apex. The precipitate sticking to the walls is removed with a 
policeman. Finally, the beaker and stirring rod are treated with hot dilute hydrochloric acid and any 
beryllium removed is precipitated with ammonia and transferred to the filter. The precipitate is 
washed with 2% ammonium nitrate solution and ignited to the oxide at 1000” for 1) hr. Typical 
results are given in Table I. 

RESULTS AND DISCUSSION 
Beryllium can be estimated quantitatively in the range 74 mg (Table I). The precipitation under 

the conditions described starts at a pH of 54-56 and is complete at a pH of about 8.3 (Tables II and 
III). If ammonium salts are present, the results tend to be low. This is attributed to the buffering 
action of the succinate-amm onium salt system which prevents the attainment of the required PH. 
When potassium succinate was replaced by succinic acid, no precipitation occurmd even in the 
absence of ammomum salts, under the conditions given. 

As in the case of the basic sulphate, the co-precipitation of calcium, magnesium and v 
is reduced to about a third of that in the ammonia * itation. 

F” beryllium is quantitative in the presence of 800 mg o 
The determination of 25 mg of 

calcmm, 300 mg of magnesium and 40 mg of 
manganese. 

TABLE I.-D -Al-ION OF BERYLJJUM 
ASOXIDE 

Beotaken, Be0 found, H of 
nl? ml5 t!l trate 

TABLZ IL-CMN~E OF pH wrrrr TZMB 

Time of boiling, 
min PH 

so 5.1 54-5-6 

2 

(opalescence 

6.9 8.1 

appears) 

: 8.4 8.3 

120 8.6 
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TABLB m.--RECOVERY OF 
BERYLLKJhSASAFUNCTlON 

OF pH 

PH Recovery, % 

6.4 . 

;:; 
z*: 
96.0 

6.9 96.9 
7.0 97.5 
8.1 98.3 
a.3 99.5 
8.4 99.9 

Thermogravimetric experiments on the vacuum-dried preci itate showed that it behaves similarly 
to the basic sulphate. The precipitate incorporates measurab e amounts of succinate probably as a P 
basic salt, but the succinate can be easily removed by ignition below 600”. 
regions of weight loss in the differential curve. 

There are three prominent 

ticii water from the precipitate. 
The tirst peak at about 110” represents loss of super- 

of the basic sul 
The second peak at about 260”, which is also observed in the case 

P 
hate,’ represents the pyrolysis of Be(OH),. The third peak at 430” (~750~ in the 

case of basic su phate,l 550” in the case of phthalate) represents the conversion into the oxide. The 
weight loss is complete at 530”, a temperature far less than that needed for the basic sulphate (--SSO”) 
and somewhat less than for phthalate (doe”). 

The infrared absorption spectrum of the vacuum-dried precipitate has broad peaks at 3600, 
2700 and 2300 cm-l, medium broad peaks at 1580,130O and 1020 cm-l and a sharp peak at 3450 cm-r. 
The peaks at 1580 and 1300 cm-l are attributed to the antisymmetric and symmetrrc vibrations of the 
carboxylate group,* and those at 3600 and 3450 cm-l to the G-H stretching vibrations of beryllium 
hydroxide and free water respectively. The peak at 102O~rn-~ is assigned to the G-H bending 
vrbration of the beryllium hydroxide.’ The infrared spectrum of the precipitate heated for 2 hr at 
400” shows the absence of peaks at 3600,345O and 1020 cm-r, but the peaks at 1580 and 1300 cm-r 
remain uneffected. This is to be expected as the latter two peaks represent the ionized COO- group 
of the succinate and at this temperature the succina te is not eliminated completely from the precipitate 
(c$ the thermogravimetric results). This indicates that the succinate is bound strongly, probably 
as a basic salt. X-ray examination showed that the precipitate is amorphous. 
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SPmmarg-_Beryllium can be precipitated as a dense and easily lllterable 
precipitate in presence of succinate by the urea hydrolysis technique. 
Calcium, magnesium and manganese do not interfere to the extent 
that they do in the ammonia precipitation. One advantage over the 
basic sulphate method is that the oxide is obtained at a considerably 
lower temperature. However, when ammonia salts are present, 
the basic sulphate method is to be preferred. 

Zusammeufasauug-Beryllium kann in Gegenwart von Succinat mit der 
Harnstoffhydrolysenmethode als dichter und leicht filtrierbarer 
Niederschlag gefallt werden. Calcium, Magnesium and Mangan 
st&en nicht im selben MaDe wie bei der Ammoniakflilhmg. Ein Vor- 
teil gegentlber der basischen Sulfatmethode ist der, d9 das Oxid bei 
betrkhtlich niedrigerer Temperatur erhalten wird. In Anwesenheit 
von Ammonsalzen ist jedoch die basische Sulfatmethode vorxuxiehnen. 

R&rum&-Gn peut pr&cipiter le beryllium sous forme de precipitd 
dense et ais&nent filtrable en presence de succinate par la technique 
d’hydrolyse de l’u&. Le calcium, le magnesium et le manganese ne 
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g&nent pas autant qu’ils le font dans la precipitation a lkmmoniaque. 
Un avantage sur la methode au sulfate basique est darts le fait que 
l’oxyde est obtenu a une tempkature considerablement plus basse. 
Toutefois, en presence de sels d’ammonium, la methode au sulfate 
basique doit etm prefer&. 

REFERENCES 
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A new oxidimetric reagent-potassium dichromate in a strong phosphoric acid 
medhlm-VIII 

Potentiometric titration of molybdenam(VI) and vanadium(V) 

(Received 22 December 1966. Revised 28 June 1967. Accepted 21 July 1967) 

IT has been reported that iron can reduce mol 
r 

bdenum(VI) in 7-12M phosphoric acid.’ The 
reaction is complete within a minute when a two old excess of iron(H) is added, and a solution 
results which contains molybdenum(V), iron(H) and iron(III). We have found that a ditferential 
potentiometric titration of the excess of iron(H) and then of the molybdenum(V) is possible, di- 
chromate being used as oxidant in solutions containing phosphoric acid at umcentrations greater 
than lle5M. In 12kf acid, two distinct potential breaks are observed: the first corresponds to the 
completion of the oxidation of iron(H), and the second to that of the oxidation of molybdenum(V). 
The procedure provides an accurate and elegant, though slow, method for the determination of 
molybdenum(VI). 

Reagents 

EXPERIMENTAL 

Molybdenum(M) solution, O*lM, was prepared from ammonium molybdate (B.D.H., AnalaR) 
and ~tandardii.~ Potassium dichromate solution, 02hr was pmpared from the Merck pro analysf 
grade reagent. A vanadium(V) solution, O*lM was also prepared and standardized.’ All chemicals 
were analytical reagent grade. 

The potentiometric apparatus has been described.’ 

Procedure 

Add from 2 to 8 ml of molybdenum solution (about 0*1&f’) to 40-50 ml of syrupy phosphoric 
acid, followed by a sutBcient excess of iron(H) solution to reduce the molybdenm. The potential of 
the bright platinum electrode should be about 150-180 mV vs. the S.C.E. Stir the mixture and 
titrate with 0.2N dichromate solution, noting the potential 1 min after each addition for most of the 
titration, and after 10 min near the first break. Near the second break a wait of 2-3 min is suflicient. 
The potential incmase at the first break is 30-90 mV per 0.04 ml of titrant, and at the second 250- 
300 mV. The volume of titrant between the breaks corresponds to the amount of molybdenum. 
Some results are shown in Table I. 

TABLE I.-TERMTON OF MOLYBDENUMOII) 

Molybdenum 
taken, mg 29.2, 38.7, 48.46 60.0‘ 69.9‘ 77.5, 
found, mg 29.4 390 48.5 59.9 69.9 77.2 

10 
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T~nrx II.-TITRATION OF MOLYBDENUM AM) VANADNM I 

Molybdenum 
taken, mg 
found, mg 

Vanadium 
wmg 
found, nrg 

29.0, 38.7, 48.4, 58.11 77.5, 
29.1 38.8 48.5 58.0 772 

23.21 15.4, 18.0, 12.9, 10.31 
23.3 15.5 18.0 12.9 10.4 

Znterferences 

Aerial oxygen does not interfere, and neither do the following ions: Mn(II), Mn(VII), Cu(II), 
Ni(II), WI& i%(n). FeWI), Cr(IID, CrWI), WIII), WIV), Ti(Iv), ThW), WW. Nitrate 
interferes, and chloride in concentrations above O*OlM causes a decmased potential break after 
the titration of the molybdenum. Uranium(VI) behaves as molybdenum and is titrated without a 
separate end-point. Vanadium(V) is reduced to vanadium(II1) and then oxidized by dichromate to 
vanadium(W) along with the molybdenum(V) being oxidized to molybdenum(VI). A further potentio- 
metric break occurs as the vanadium (IV) is oxidixed to vanadium(V), so that mixtures may be 
analysed and the molybdenum obtained by difference, Table II shows some results from titrations 
of mixtums. 

Department of Chemistry 
Andhra University 
Waltair, S. India 

U. MURALIKRISHNA 
G. GOP- RAo 

Summary-A new titrimetric method is described for the determination 
of molybdenum(VI) involving prior reduction to MO(V) with an excess 
of Fe(R) in a concentrated phosphoric acid solution, followed by 
titration with dichromate. The titration can be done at room tempera- 
ture and without protective atmosphere. Uranium interferes, but 
vanadium may be determkd simultaneously. 

ZasammenfasarmS-Eine neue titrimetrische Vorschrift zur Restimmung 
von Molybd&(VI) wird beschrieben: es wird zuerst mit tlberschtlssi- 
gem Eisen(I1) in einer konzentrierten Phosphorsaureliisung zu 
Molybd%n(V) reduziert und dann mit Dichromat titriert. Die Titration 
karm bei Zimmertemperatur und ohne Schutzgas stattfinden. Uran 
St&t, Vanadium dagegen kann gleichzeitig bestimmt werden. 

R&earn-n dkrit une nouvelle methode titrimetrique pour le dosage 
du molybd&$VI) comprenant une reduction prealable en MO(V) 
avec un exds de Fe(R) dans une solution d’acide phosphorique 
concentr-6, suivie d’un t&rage au bichromate. Le titrage peut &tre 
etIectub A temp6rature ordinaire et saris atmosphere protectrice. 
L’uranium gene, mais on peut determiner simultandment le vanadium. 
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Switching valves for use in multi-column gas chromatography 

(Received 12 June 1967. Accepted 25 August 1967) 

AN ARRANGEMENT in which two columns operate in parallel with differing gas streams is frequently 
of utility in gas chromatography. We describe here two, forms of switching valve, tested over a long 
period, one developed to produce a sharp step-front for frontal analysis, and the other, diversion 
of an analytical elution sample into either of a pair of columns which are operated with different 
carrier gases and/or possibly with different detectors. Although the valves have much in common 
in design, they are described separately for convenience. 

Total stream-switching valve 

The problems of producing step boundaries for frontal analysis are well known. Our studies lead 
us to believe that the approach whereby such boundaries are most readily obtained is the total 
switching of an established equilibrated stream from one column to another, as nearly as possible 
identical, column through which previously flowed an equilibrated stream of dierent composition. 
The flow pattern is illustrated in Fig. 1. Initially, stream a, of constant composition, flows into 
column A and is allowed to establish equilibrium; simultaneously, stream /? enters column B and is 
also equilibrated. On switching, stream a enters column B and/l enters column A. A step concen- 
tration front is thus introduced into each column. 

The valve devised for this purpose is illustrated in Fig 2 and consists of an adaptation of the 
stainless steel rotary valves, working on the slopin O-rmg principle, employed by us in similar 
devicesl~*~* The key has five grooves, two at 45” an fi three perpendicular to the axis of the key, and 
each groove contains a rubber O-ring. The sloping rings act effectively as two on/off valves. With 
the key in the position shown in Fig. 2, gas stream a enters uia port 1 and leaves viu port 4 to column 
A; stream @ meanwhile enters via port 2 and leaves for column B v& port 3. The five ports shown 
are in the same plane through the axis of the key and so, on rotation of the latter through 180”. 
stream a is diverted to leave through port 3 for column B, while stream /? is diverted to leave through 
port 4 for column A. Since the key can be rotated rapidly and dead spaces between key and barrel 
are extremely small (~0.15 ml), the frontal boundaries established are very sharp. The procedure 
has the further advantage of allowing both streams to be accurately set up and monitored before 
switching. 

Figure 3(i) shows a boundary produced by operating the valve, while Fig. 3(ii) shows the boun 
$7 obtained on subsequent rotation through a further 180”, the initial condttions being m-establish . 

It is seen that an 80% step-change occurs within 2-3 set, the normal response time of the katha- 
rometer and read-out system used. If both streams contain only permanent gases and no organic 
vapour, a 100% step-change is obtained within the same period of time. 

Stream selector 

In any analysis of a wide boiling range mixture it is commonly the case that early pairs present 
the greatest difhculty of separation. Particular dit&ulty is experienced when one or both members 
of such a pair (X + I’) are permanent gases since an enormous theoretical plate requirement may 
then ensue for what is otherwise a simple analysis. A simple device to eliminate this need for high 
column efhciency is to conduct separate analyses of the same sample with two columns, using one of 
the two components concerned (say X) as the carrier gas in one case, and a different gas Z in the other. 

Column A 

I e 

Streamp 
P 

Column 6 

FIG. l-Flow diagram for total stream-switching valve. 
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a- 
l 
1 
I 
I 

I 
3 4 I 

_-cm-- 

FIG. 2.-y;Fmof total stream-switching yalve and details of conssytk; of a port. 

b O-670 ih. 
i l/4 m. . . 
j 0445 in. n O-42 in. 

c 1.93 in. k 0.12 in. 
h 0.002 in. IO.05 in. 

Rubber rings in ports: q = O-047 in. 
Sloping grooves: lead 1.085 MC setting, depth 0.085 in., width 0.09375 in. O-rings to 

fit, 9/16-in. internal diameter x 0.103 in. section. 
perpendicular grooves: depth @080 in., width @118 in. O-rings to fit, l/2& internal 

diameter x alO3 in. section 
Note: where 0.05~in. dia. holes break through into the bore, careful deburring is 

essential to avoid damage to the O-rings. 
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I I 1 I I 

5 IO 15 20 
Time, min 

FIG. 3.-Step frontal boundaries observed with a katharometer situated between total 
stream-switching valve and one column. Valve operated so that (i) stream a is replaced 

by stream /I, (ii) stream B is replaced by stream a. 
Stream a: H, (73 cm Hg) + n-heptane (3 cm Hg) 
Stream/I: H,(76cmHg) 
Flow-rate of each gas stream: 33 ml/min. 

Quantitative analysis, based on previously determined calibration plots, can then be achieved by 
comparison of the two chromatograms obtained, since one yields a chromatographic peak of Y alone 
and the other, one of X + Y. If, of course, Y can also be used as carrier gas in place of 2, the second 
chromatogram will show X alone. 

Figure 4 shows how this end is achieved by combining a slightly mod&d pair of the valves 
illustrated in Fig. 2 with a sampler, in this case one of the design described by Pratt and F%rnell.* 
The two valves are mounted rigidly in tandem and each key carries a meshed gear wheel (1: 1 gear 
ratio), the pair thus being capable of simultaneous rotation so that operation of the valve assembly is 
simpli6ed. In the con$uration shown in Fig. 4, the carrier stream 2 travels oiu ports 1,3,3’ and 1’ 
to column A while carrrer stream X goes oiu ports 2 and 4 to the sampler and thence to 4’, 2‘ and 
column B. On rotation of both keys through 180”, stream X goes to column B via ports 2,5,5’ and 
2’ while stream 2 now travels oiu 1 and 4 to the sampler and then through 4’ and 1’ to column A. 

I t 

I 
I~llllIll,l,lllllll1lllllllI_ll‘IIIIIIII~ 

1’1 

X't 

FIG. 4.-Flow diagram for stream selector valve. 
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The injections into the two columns may be made consecutively as quickly as the sampler can be 
evacuated and refIlled with sample. 

The lengths of connecting tubes are such that their volumes are made as small as possible, and 
approximately equal. It is seen that operation of the valve assembly changes the carrier gas flowing 
through the sampler without altering the flow-rate of either gas through its respective column. The 
only evidence seen on the chromatogram of the switching operation is the observation, after carrier 
X is switched into the sampler, of a small 2 peak, or, after carrier 2 is switched into the sampler, 
of a small Xpeak. The extra peaks represent residual gas swept out of the connections between ports 
4 and 4’ on changing the carrier. Before analysis is attempted, it is necemary to allow this resrdual 
gas to be totally swept out, otherwise ambiguity can arise as to whether, say, the X peak comes from 
the residual gas or the injected sample containing X. In practice the delay involved rarely exceeds 
2min. 

This valve has for some years been used continuously to expedite the rapid, repetitive analyses 
of hydrogen and monosilane mixtures .’ The required column lengths were reduced by about a factor 
of ten which both speeded up analysis and increased markedly the peak height sensitivity of the 
thermal conductivity detector employed. 

Details of construction 

These are shown in Fig. 2. The key is mounted in ball-races at each end of the barrel. Since 
lubricating grease cannot be used where it will absorb the sample, silicone rubber is preferred to 
neoprene for the O-ring material because of its better self-lubricating properties. Various types of 
gas-tight sealing have been tried in the valve ports and that found to be most effective is shown in 
Fig. 2. A brass ring of 0.42 in diameter and @08 in. thickness is hard-soldered into the stainless steel 
connecting tubing about 0.2 in. from the end of the latter. A neoprene or silicone rubber disc, 
O+t7 in. thick, is fitted on to the end of the tube between the brass disc and the seat of the port and 
is prevented from splaying outward by a brass ring, 0.04 in. deep and 0.04 in. thick. The connector 
fits snugly into the valve port and is held 8rmly in position by a O+in. diameter brass union. 
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Summary-Two switching valves for use in multi-column and frontal 
gas chromatography are described. Constructional and operational 
details are given and examples of use are quoted. 

Zusanuneufassu~-Zwei Umschaltventile xur Verwendung bei der 
Frontal-Gaschromatographie und mit mehreren S&_tlen werden 
beschrieben. Einrelheiten von Konstruktion und Bedienung sowie 
Anwendungsbeispiele werden angegeben. 

R&stm&-Gn d&it deux valves de mise en circuit pour emploi en 
chromatographie en phase vapeur a multi-colonnes et frontale. On 
donne les d&ails de construction et de manipulation et mentionne des 
exemples d’utilisation. 
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Gravimetric determination of copper(I1) with p-aminobenzoic acid 

(Received 30 March 1967. Accepted 11 Aqusf 1967) 

FUNK and Dittl were first to use the sodium salt of o-aminobenzoic acid (anthranilic acid) for the 
gravimetric determination of zinc, cadmium, cobalt(H), nickel and copper(H). 
used for the determination of manaanese(I1). lead and mercurv(II).*-4 

The reagent was later 

The advantage of the reagent is”tiat the precipitate8 are n&ly insoluble in water and alcohol and 
are not hygroscopic, and o-aminobenzoic acid liberated from the precipitates by means of acid can 
be determined by bromate-bromide titration. 

Metal anthranilate precipitates are very stable. Their thermal behaviour has been investigated by 
Liptay5 and by Erdey and Liptap by the derivatographic method,’ and in continuation of these studies 
the thermal decomposition of various metal salts of m- andpaminobenzoic acids.* It has been found 
that copper is quantitatively precipitated byp-aminobenzoic acid, and can be separated from zinc. 
We wished to use this phenomenon for analytical purposes. 

The precipitate has the composition Cu(CrHBOIN),, and on heating starts to decompose at about 
the same temperature as copper(H) m-aminobenzoate, 250”, which is 20” lower than the decomposition 
temperature of the rather stable o-aminobenzoate. Thepaminobenzoate is completely transformed 
into copper(H) oxide at 400” whereas this occurs with the m-aminobenzoate at a much higher tempera- 
ture, 550-600”. This might be taken as indicating that thepara compound is less stable than the orrho 
and meta compounds. The infrared spectrum of the prectpitate, however, shows that the compound 
is a complex (Judging by the position of the NH bands). 

If the precipitation is effected from cool solution and the precipitate filtered off soon after pre- 
cipitation and then dried, the precipitate weight8 are lower than the theoretical. If the solution and 
precipitate are allowed to stand for some hours, the precipitate will be crystalline and dark green, but 
it8 weight (after filtration and drying) will be hi her than the theoretical. The composition of the 
precipitate is not stoichiometric in either case. 1 % the precipitation is effected from hot solution, the 
~reci$tate contains no water of crystallization, and i& composition is stoichiometric. 

A 50-lOOo/, excess of reagent should be used in order to decrea8e the solubilitv of the nrecinitate. 
Since *obenzoic &d is highly soluble in alcohol, its solution in meth&ol or &ha&l has 

also been tried as precipitant. However, if the solution is concentrated, the reagent is precipitated 
as well as the copper salt, and the weight of precipitate is too high. The same phenomenon was 
observed when an alcoholic solution of the reagent was used a8 wash-liquid. 

The pH of precipitation is im rtant. The-weight of precipitate obtained from a slightly acidic 
unbuffered solution was 10-209, low and at DH t3 no nrecinitate was formed. The nrecioitate p” 
obtained at about pH 6 was also’& than expe&d, pres&bly because of simultaneous pr&p&tion 
of copper hydroxide. 

The optimum conditions for drying the precipitate were determined derivatographlcally. The 
precipitate is of constant weight up to 250”, then suddenly begins to decompose exothermally. At 
440” conversion into copper(H) oxide is complete. The decomposition product8 reduce copper(H) 
oxide to a slight extent, but the copper(I) oxide is reoxidized m the presence of oxygen at higher 
temperatures, as soon a8 the reducing compounds have all been removed. 

EXPERIMENTAL 

Cop r +hate solution, @06M. Standard&d electrogravimetricahy. 
Bu er solution. Acetic acid-acetate, @2 M. J4re 
Precipitant solution. 

sodium hydroxide. 
Make a saturated solution (~1.6% w/v) of p-aminobenzoic acid in O*lM 

Procedure 

Adjust the pH of the solution (containing 20-100 mg of copper) to 4-4.6 with about 20 ml of 
0*2M acetic acid-acetate bulfer in a beaker. Heat the solution to boil& add to it 30 ml of I)-Bmino- 
benzoic acid solution dropwise with constant stirring, and allow to stan3 on a steam-bath f&r 2-3 hr. 
Let the solution cool, and titer off the precipitate on a sintered glass crucible (porosiy 4), wash it 
4 or 5 times with distilled water, then dry it at 80-100” for 90 min. The solution and prempitate can be 
allowed to stand overnight instead of bciig heated on the steam-bath. The conversion factor is 
0.1892. 
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RESULTS 
Table I shows the difference between the values obtained by this method and by the electrogravi- 

metric method. The standard deviation for 199.2 mg of precipitate was 058 mg (12 measurements). 

TABLE I.-RECOVERY OF COPPER 

Precipitate 
weight, 

mg 

Copper 

Found, Taken, Difference, 
W mg W 

199.4 37.73 37.80 -0.0, 
199.1 37.6, -0.11 
199.6 37.7, -0.0, 
198.2 37.50 -0.30 
199.2 37*6* -0*2r 
199.8 37~8~ -t-0*0* 
495.6 93*7* - 94.50 -0.7, 
507.2 95.9, -t-1*4, 
495.7 93.80 -0.7, 
498*7 94.3, -0.1, 
495.0 93.6# -0.8, 
499.4 94.50 0.0, 

Silver, mercury(B), lead, aluminium and iron(I1) interfere by giving precipitates with the reagent. 
Bismuth, antimony(II1) and tin(I1) interfere by giving insoluble hydrolysis products. 

TABLE 11.-D -ATION OF COPPER IN PR@SENCE OF 
mxlnioIAR AMOUNTS OF ZINC 

Precioitate 
weight, 

W 
Found, 

mg 
Taken, 

mg 

199.1 37-a, 
199.4 37.7s 37.80 
198.9 37.6, 

498.0 498.6 ;::321 94.50 
494.9 94.08, 

Though zinc, nickel, cadmium and cobalt(E) give insoluble o-aminobenxoates, they do not give 
paminobenzoates under the conditions prescribed, and do not interfere even if present in 10: 1 molar 
ratio to the copper present. Table II shows typical results for copper in the presence of equimolar 
amounts of zinc. 

Znstitute for General and Analytical ChemLstq 
Technical University of B&pest 
Baabpest XZ, Hungary 

L. ERDEY 
P. MARIK-KORDA 

Institute for Applied Chemistry 
Technical University of Budapest 

G. bPTAY 

Sammary-A method has been developed for the gravimetric deter- 
mination of 20-100 mg of copper(E) with paminobenxoic acid. Ag, 
HgO, Pb, Al, Fe(B), Bi, Sb(III) and SnO interfere, but Zn, Co(E), 
Ni and Cd do not. The precipitate can be weighed after drying at 
80-100°, or can be ignited to copper(B) oxide at temperatures above 
400”, and weighed in this form. 
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Zusammenfassun8-Eine Methode zur gravimetrisohen Bestimmung 
von 20-100 mg Kupfer(II) mit p-Aminobenxoes&tre wurde entwickelt. 
Ag, Hg(II), Pb, Ai, Fe(R), Bi, Sb(III) und Sn(I1) staren, Zn, Co(R), 
Ni und Cd hingegen nicht. Der Niederschlag kann nach Trocknen bei 
80-100” ausgewogen oder bei Temperaturen tiber 400” zu Kupfer(II)- 
oxid vergltiht und in dieser Form ausgewogen we&n. 

Resume--On a &labor6 une methode pour b dosage gravimetrique de 
20-IOOmg de cuivre (II) au moyen d’acide p-aminobenxolque, Ag, 
Hg(II), Pb, Al, Fe(H), Bi, Sb(III) et Sn(I1) interf&ent, mais Zn, Co(H), 
Ni et Cd ne gi?nent pas. On peut poser le precipitb ap&s &&age a 
SO-lOO”, ou ie caiciner en oxyde de cuivre (II) a des tempbratures 
suptrieures a 400” et ie peser sous cette forme. 
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LETTERS TO THE EDITOR 

Note on the various methods of ion separation by electrolytic migration in a 
counter-current system 

Recently three papers were published’ on the application of counter-current ionic migration to the 
separation of mixed-&and complex ions and of ions that are chemically verv similar. As senaratina 
column a ca 

4 
illary 

extremely do 
tube. was used, connecting two compartments flushed with pure compo’nents 07 

erent ionic mobiiities. During electrolysis a sharp boundary would be stabilixed between 
the two components, its location in the column depending only on the ratio of electric current to 
velocity of the counter-current flow .* An ion mix&e to b *rated, with ionic mobilities lying 
between those of the above-mentioned pure components, will “push” itself in this separating column 
between the end compartments; at steady state all the ionic compartments will “line up*’ in the 
sequence of their mobilities with a certain degree of overlappingS 

These experiments are very useful as they show a further apphcation. not yet exploited, of counter- 
current ionic migration to chemical problems, but as it is claimed that a “new principk of counter- 
current ionophoresis” is demonstrated, a short review of the development of counter-current 
ekctromigration methods seems to be desirable. 

Brewer and co-workers4 as well-as Ma+ et pZ! deserve to be named here as the Srst investigators 
to apply the counter+ctnrent prmuple to ion rmgration m solution. Independently they found ways 
to test this new method by application to the enrichment of isotopes. They could make use of the 
advantage of having two opposed particle flows within one phase-electrical migration in one direction 
and transport by aqueous flow in the other-which led to a stationary separation profile of the 
components. 

The efficiency of the process depends strongly on the extent to which “equilibrium” is established 
between the two particle flows. Besides this obvious difficulty, flowing liquids do not allow identical 
conditions over a given cross-section of the column, owing to the parabolic distribution of the flow 

Velocities. Therefore the skilful design of a separating column is of extreme importance. From 1950 
c1usius and co-worker+ continued the experiments of Brewer, and divided the column into severa1 
compartments, which allowed a well-defined liquid flow even at rather large cross-sections. 

All the three groups cited ran the counter-current process by some sort of manual or automatic 
regulation of the “equilibrium” between the electrical and acp~u~ flow transport of ions. Because 
of the extreme precision desired, the process became rather uneconomic and unsatisfactory. 

Wagener rP8 overcame this drfficulty by smply lettmg the steady state build up by itself within given 
working conditions. The idea of this “self-stabilira~on’* makes use of the simple fact that the local 
electric field strength in the column-which is determmmg the %ounter-current equilibrium”-is only 
a function of the local concentration and the type of ions at a given electric current. This approaches 
ideal counter-current condmons, for the process follows any accidental fluctuations of the experimental 
environment by itself and needs no external regulation at all. The conditions for such a “self-stabilizing 
counter-current electrolysis” may be chosen within a wide range of limits, such as concentration of 
ions, composition of the electrolyte, acidity, temperature, etc. 

Research along this line since 1960 has been dnected towards the development of this method and 
the associated equipment.s-ls Various applications have been published as well as a complete 
theoretical treatment of the process. The boundary conditions (for columns with and without end 
compartments, for closed and open separation, etc.), the dependence of the stationary ion concert- 
tration on the working conditions, the electric field curve of IOIS with large and small differences in 
mobility, the equilibrium time, the dependence of the separating factor on the isotope e&t are taken 
into account in detail as well as the experimental consequences of these considerations. In recent 
papers the efficiency of bigger and improved electrolytic troughs of up to 1 mole capacity was studied.“.14 
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The well-known principle of counter-current electromigration opens a wide field of different 
applications. The new application to the separation of chermcaliy similar complex ions, as described 
by Preetx,’ provides a very helpful tool for analytical chemists. It should be pointed out, however, 
that the theoreticaItreatment of the process has been described elsewhere. 

Nuclear Chemistry Division D. BEHNE 
Hahn-Meitner-Institute for Nuclear Research B.A.BrLAL 
1 Berlin 39 H. D. F- 
West Germany W. T~EMANN 

12 June 1967 
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Bemerkungen zum Verfahren der Gegenstromionophorese 

In einer ktlrzlich erschienenen Notiz’ wird ein geschichtlicher AbriD tlber die Methoden der 
Ionentremnmg durch elektrolytische Wanderung in einer Gegenstromliisung gegeben. Dieser 
Aufsatz zeigt wie such die Darstellung in unserer ersten Mitteilung,’ da8 die Ergebnisse zahlreicher 
Autoren zu dem jetzigen Stand der Wissenschaft auf diesem Gebiet beigetragen haben. 

Ziel unserer Arbeiten ist es, das Gegenstromprinzip auf zweidiiensionale kontinuierliche 
Trennungen, speziell zur praparativen Darstellung chemisch sehr iihnlicher Gemischtligandkom- 
plexionen,” anzuwenden. Wie eine vierte,4 in der genarmten Notizl nicht angeftlhrte Arbeit zeigt, 
ist dies durch Weiterentwickhmg einer seit langem bewlhrten Apparatur zur tragerfreien Durch- 
fluDionophoresea~6 such weitgehend gelungen. In den ersten drei Ver6ffentlichungens~6~7 wurden 
dafiir die theoretischen und experimentellen Voraussetzungen mitgeteilt. 

Unter Verwendung der Erkenntnisse aus Untersuchungen zur Methode der wandernden 
Grenzschichts w&hen wir eine Versuchsanordnung, die im Trennbereich der von Taylor und Dibeler@ 
beschriebenen entspricht. Durch die Abtrennung der Elektrodentrijge von dem eigentlichen 
Trennsystem mit Hdfe von Diaphragmen, die jede Konvektion verhindem, ertibrigt sich bei uns die 
kontrollierte Sptihmg der begrenzenden Endzonen mit tisungen bestimmter Konzentration. Die 
Elektrodenlosungen wiihlt man miiglichst konzentriert, urn sie mu gelegentlich emeuem zu miissen. 
Die Anodenltisung mu13 stets basisch, die Kathodenlosung sauer reagieren, damit die entstehenden 
H+- bzw. OH--Ionen, die den stationiiren Zustand stijren kiinnen, sofort neutralisiert werden. Die 
Diaphragmen ilbemehmen erweiterte Elektrodenfunktionen, indem sie nicht wie diese. meist nur als 
Quellen oder Se&en ftir H+- bzw. OH--Ionen, sondem ganz allgemein als Quellen oder Semken ftl 
die beteiligten Kationen bzw. Anionen wirken (Pm&z,* Abb. 1). 

Ftir unsere Versuchsanordnung 1ieB sich das Funktionieren der Methode der wandemden 
Grenzschicht in ihrem klassischen Sirn? unter Gegenstrombedingungen und die automatische 
Steuerung des Trennvorgangs mit Hilfe eipfacher theoretischer Uberlegungen* und such praktisch‘ 
uneingeschrankt nachweisen. Die herangezogenen Gesetzmlb3igkeiten, nlhnlich diejenigen, die den 
Potentlalverlauf an GrenzfHchen und die Konzentrationsverteihmg betreffen, sind durch Unter- 
suchungen der Methode der wandemden Grenzschicht* bekannt und finden sich in Lehrbiichem.r” 

Beztiglich der sich selbststabilisierenden Gegenstromelektrolyse von Wagener” besteht neben 
anderen ein ftir unsere Zielsetzung wichtiger Unterschied. W&rend bei emterem Verfahren iiber den 
gesamten Bereich der Trenns8ule ein Grundelektrolyt (Same bzw. Base) zugegen ist, grenzen bei 
der Gegenstromionophorese nach Err&hen station8rer Verhliltnisse reine wib3rige Salzl&amgen 
aneinander, die keine Fremdionen enthalten. Diese Tatsache ist wichtig ftlr die pr8parative Darstel- 
lung aller Komplexionen, die leicht der Hydrolyse unterliegen. 

Die obtrtragung bekannter Prinzipien auf eine zweckm88ige Versuchsanordnung hat demnach 
zu einem neuen Verfahren gefm, dessen Bedeutung besonders im Bereich da Trennung und 
Reindarstelhmg empfindlicher Substanzen liegt. 

Znstitut fi& Anaiytische Chemie and w. PREETZ 
Radiochemie der Unioersit2it des Saartandes 
Saarbriicken 15, Butuiesrepublik Deutschland 

31 Juli 1967 
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T-A REVIEW* 

~~~C~~~TIC ~T~~LU~EN VIB~~IUNAL 
F~~UEN~IE~ OF COMPLEXES WITH 

BIVALENT METAL HALIDES 

R. H. NW-TALL 
chemistry K3epmmt, University of Strathclyde, Glasgow, Scotland 

SummaryrStudies of the metal-kiogen vibrational fr uencies of 
pomplexes have been numerous and it is apparent that such 7 requenci~ 
are often characteristic of the structure and stolchiometry. The 
method, although generally applicable% is most valuable where neither 
ultraviolet spectra nor magnetic mmnents can be of assistance. The 
current literate is reviewed with the intention of facifitatiq the 
characttrizatioa of unknown mater& derived frcm bivaknt metal 
halides. 

THE advent of the commercially available far-infrared spectrometer operating in the 
region 400-20 cm-l provides a valuable tool for the examination of many different 
types of systems including the study of weak interactions (i.e. t charge transfer, hydro- 
gen bonding), rotational spectra and the vibrational spectra of heavier mass systems. 
In the latter category can be included the skeletal vibrations of rigid-mew-Hyde 
(L-M-X) complexes. Until recently, vibrational studies of such complexes were 
limited to an examination of the internal modes of the l&and appearing in the conven- 
tional region of the spectrum. This frequently gave information about the nature of 
bonding in the complex, as in the study of pyridinel and urea comp1exes.a However, 
direct examination of ligand-metal and metal-halogen vibrations is clearly a more 
satisfactory way of determining the nature of the bonding and the structure of com- 
plexes. 

The majority of L-M-X complexes give rise to three types of characteristic 
vibration, namely, the internal modes of the ligand, and ligand-metal and metal- 
halogen vibrations. The degree of interaction of these modes will vary from com- 
pound to compound but separation into these groups is a reasonable generalixation. 
In the majority of complexes which we have studied, the metal-halogen vibration 
gives rise to the most intense features of the spectrum, and these may also be identified 
as such by the wavelength shift that occurs when one halogen is substituted for another 
in complexes of similar structure. The number of metal-halogen peaks and their 
position in the spectrum will be dependent on a variety of factors such as structure, 
stoichiometry and oxidation state, It is the purpose of this review to correlate the 
information currentIy available about metal-halogen stretching frequencies with 
structure and stoichiometry when the metal is in the bivalent state. 

* For copies of this Review see Publisher’s advertisement at the end of this issue. 
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The literature of far-infrared spectroscopy is extensive, but a general review has 
been given by Wood,B and metal-halogen frequencies have been reviewed by Clark.4 

INSTRUMENTAL METHODS 

It is desirable that any spectrometer used for a study of metal-halogen frequencies 
should have a lower frequency limit not higher than 100 cm-l. Conventional grating 
spectrometers within this specification include the Perk&Elmer 301 and Beckman IR 
11. Spectra may also be obtained in this region by interferometric techniques; 
inte~eromet~s include Grubb Parsons’ “Iris”, and Research and Industrial Instru- 
ment Company’s Model 620 which must be used in conjunction with a digital com- 
puter or with the same company’s Fourier Transform Computer, F.T.C. 100, in 
which case the combination functions as the equivalent of a double beam spectrom- 
eter. (The application of this rapidly expanding technique has been reviewed.s) 

SAMPLING 

By use of polythene windows, examination of specimens in all three phases is 
possible. However, at longer wavelengths interference is a problem and all supporting 
windows in the radiation path must be wedged to minimize this effect. 

The majority of samples run at the University of Strathclyde are in the form of 
dispersions in polythene. Originally it was suggested that disks in polytbene could be 
prepared by dissolving the specimen in molten polythene.6 In a modulation of this 
method, 5-20 mg of sample are dispersed’in 100 mg of precipitated polythene and 
then pressed in a wedged die. The resulting semi-transparent disk may then be 
mounted in the spectrometer in the same way as a KBr disk. This has the advantage 
over the nujol mull technique of being less likely to give interference patterns, and in 
many cases the disk may be stored for further study if desired. Unlike the halide disk 
method, there is no evidence so far of interaction of sample and polythene. 

Because of the problems of solid state interactions it is desirable that spectra be 
obtained from solutions, and while there is no technical reason to prevent this, the 
majority of complexes of the type to be discussed are readily solvolysed and to date 
only a limited number of solution spectra have been reported. 

The spectra ~l~~a~g this review were obtained, by use of an RI.1.C. 620 and 
F.T.C. 100, from samples dispersed in polythene. Figures 1 and 2 have previously 
been shown by Clark and Williams7*8 for the region up to 200 cm-l. 

IDENTIFICATION OF METAL-HALOGEN FREQUENCIES 

Metal-halogen (M-X) peaks are most readily identifiable by the shift which 
occurs in their frequency when the spectra of chlorides, bromides and iodides of 
similar structures are compared., Moreover these shifts have been found with ratios 
M-Cl/M-Br .- 0.77 and M-Cl/M-I N 0.65 in various compounds7 and it seems likely 
that these ratios may be expected for most complexes of the types to be discussed, 
providing that the vibration observed is largely metal-halogen. 

In a series of compounds with different metals the frequencies should also vary 
according to the I~g-Whams order, i.e., Mn *+ < FeZ+ < Co2+ Q Ni2+ < Cu2+ > 
Zne+. However, it is very unusual for copper complexes to have similar structures to 
those of other first row transition elements and almost always copper must be treated 
as a special case. A change from fist to second to third transition series will also be 
accompanied by a shift of frequency, Ni > Pd > Pt or Zn > Cd > Hg. In this case 
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relatively few series of complexes of similar structure are known and the situation is 
rendered more complex by the change in nature of bonding which occurs. 

The number of M-X frequencies to be expected for a complex of any given sym- 
metry may be calculated.s However, because of degeneracy or solid state interactions 
either more or less than this number may be observed in practice. Very frequently 
the expected number of bands is observed, particularly for M-X stretching frequencies. 

0 I I I I 
100 200 300 

-I 

FIG. 1.-z-(C,H&),CoCl, (violet shedral dipyridine cobalt dichloride). 

100 

01 
I I I I 
100 200 300 

-I 

FIG. 2.-_B-(C5H,N)&oCI, (blue teghedral dipyridine cobalt dichloride). 

Table I collates the number of frequencies observed in practice and will be discussed 
in detail for individual structures. 

Tetrahalometallate(II), MG2- 

This type of complex has been extensively studied,io usually in the form of a com- 
pound with an organic cation. A tetrahedral T, ion should give rise to only one 
infrared-active stretch va and one infrared bend v4 if there is no interaction. 

The data quoted (Table II) do not follow the Irving-Williams order; in particular 
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the vaIues for copper are discrepant and this is known to be due to the difherence in 
structure, which is flattened from Td to .D%. The vahtes for zinc, cadmium and 
mercury show the decrease in values expected on changing from first to second to 
third row. The two values of ps for ZnChS- illustrate the problems of choosing the 
maximum of what is often a broad band. 

TABLH L-M-X FREQUENCIESoBSERVPX3iOuvARIoUS 
STRu- 

M-X stretch M-X bend 

Tetr&cdraI 
a’- 1 
LMX,- 

: 
: 

L&G 
(l-l)Mx,*t 2 5; 

Qc~~~r~~ 
L,MX,’ 1 
L&X, ? 
(I-W&i : TI 

PIanar 

?MK--* 
f 3 or 4 
3 $ 

Cl-l-1p&X+*t ?I 
trunr L&%X, : 
cis L&%X* 2 ; 

L = l&and; l-l = bidentate &and; M = bivalent 
metal; X - halo II. 

r * Data avaik le to 200 cm-“. 
t Limiteddata. 
$ 8M-X mixed with 8M-L. 
ff Not observed. 

TABU II.-TE URAL MX,*-, M-X STREICHIYW PREQUENCIES (us, cm-3 

Mn Fe Co Ni CLI Zn Cd Hg Ref. 

284 286 297 289 267 248 277 10* 

271 250 228 lO$ 

221 219 231 231 216 
224 174 

207 10+ 

* Sabatini and Sacconi 
t Adams et aI. 

Recently ~ors~rl~ has examined the spectra of COCI,~ and CuCl~- in solution 
and observed that for the former there is only one baud at 296 cm-l while for the latter 
there are two, at 278 and 237 cm-l, indicating that CuCl$- remains distorted in 
solution. 

The M-X bending frequencies (Sabatini and SacconP) are 123-145 cm-% for 
MC!&@- and 85-92 m-l for MBrdS-. 

While complexes of the type L.@XI and ions MKS- are well known, far fewer 
compounds containing the ion LMX, have been reported. Bradbury et al.l” have 
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examined the far infrared spectra of this type of compound, with Et4N+ as cation 
and L being either pyridine or triphenylphosphine (Table III). For the majority of 
these complexes the metal-halogen frequencies are observed to occur at positions 
intermediate between those of M&*- and LsM&. While theory predicts two metal- 
halogen stretching frequencies for a C, complex of this type, a greater number of 
bands is sometimes observed. This may be due either to solid state interaction or to 
the ligand reducing the symmetry of the complex. At lower frequencies one metal- 
halogen bending mode is observed, at about 130 and 100 cm-l for the chloride and 
bromide respectively. 

Diligand metal dihalide, LsMXs 

The far-infrared spectra of a large number of complexes of this type have been 
recorded. On the basis of structural or spectroscopic evidence they may be divided 

TABLE III.-URAL LMXI-, M-X s-mnnmw 
FREQUENCIL!S(CIII-') 

co Ni Zn Ref. 

t&N+1 t@MCl,-1 320,282 308,278 300,276 12 

IEt,N+lI+tPMBrt-l 252,210 242,212 228 218 
’ 182 

into a number of types: tetrahedral or polymeric octahedral with bridging halogens, 
cis or trans square planar, and the special case of tetragonal copper complexes. Tetra- 
hedral and polymeric octahedral are best dealt with together since frequently one ligand 
gives rise to compounds of either structure, depending on the metal under considera- 
tion. Thus, of compounds of the type dipyridine metal dichloride, the Fe(H), Mn(I1) 
and Ni(I1) complexes are polymeric octahedral, the Zn(II) complex is tetrahedral, 
and the Co(I1) complex shows temperature-dependent structural isomerism. Examples 
of complexes of platinum and palladium existing as cis and trans planar isomers are 
very numerous, while a rather more limited number of trans planar nickel complexes 
have been reported. Copper complexes with Jahn-Teller induced tetragonally 
distorted structures occupy a position best regarded as intermediate between poly- 
meric octahedral and trans square planar. 

It is in the differentiation of these types of complexes that study of metal-halogen 
vibrations seems most useful. 

Tetrahedral andpolymeric octahedral LaM& 

The differentiation of tetrahedral and polymeric octahedral isomers was one of 
earlier accomplishments of far-i&red spectroscopy. Clark and Williams’ studies8 
of pyridine complexes pointed out the ease with which the structural form could be 
identified, this being of particular value where ultraviolet-visible spectra or magnetic 
moments gave no indication of structure, as is the case for zinc and cadmium com- 
plexes. To date a number of studies of complexes of nitrogen donors with first row 
transition elements, zinc and cadmium have been reported7*8*ia and a clear pattern 
has emerged in which the tetrahedral complex gives two peaks corresponding to 
metal-halogen stretching modes while in the octahedral form the metal-halogen peak 
is at a lower frequency. Much of the reported information has a lower limit of 200 
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cm-l and this is only slightly lower than the highest metal-chlorine frequency for a 
polymeric chloride, and a detailed study of this type of complex below 200 cm-l is 
therefore desirable. The spectra of the octahedral a forms of dipyridine cobalt 
dichloride and the /? tetrahedral form are shown. The phase change is induced by 

TABLE IV.TE ~RAHEDRAL LMX,, M-X s vMMErRrc AND AsvMMElluc 
STRRTCHMG FREQLJENCIBS(C~-~) 

L; CoCl* CoBr, ZnCl, ZnBr, Ref. 

(Eyridine), 
(Triphenylphosphine), 
(Triphenylphosphine 

oxide)* 
Fiourea)r 

344,304 274,242 329,296 254, 220 7, 13, 16 
350, 316 272,237 322,299 235, 202 13,19 
342,317 249,233 13 

316,294 235, 190 279,252 200, 185 18 

Frequencies for cobalt and zinc complexes usually represent the maximum and minimum frequen- 
cies respectively for a particular ligand. 

Metal-iodide frequencies are usually outside the range reported but the data available follow 
the usual pattern. 

COI, Z& 

(Thiourea), 204, 184 176, 166 18 

Second and thiid row elements usually form complexes of less regular structure; however, 
triphenylphosphine probably forms tetrahedral complexes with cadmium and mercury halides 

(Triphenylphosphine), 268,261 232,221 19 

At least one metal-halogen bending frequency is observed, usually 12,19,28 at about 100 cm-l. 

TABLE V.--POLYMERIC OCTAHEDRAL LIMXI, HIGHEST REPORTED 
X-SENSITIVE FREQUENCY (cm-r) 

L MnCl, NiCla CdCl, Ref. 

(Pyridine)% 233 246 <200 7, 13 
(Quinoline), 241 258 - 13 
(N&Jr 240 - 215 20 

No data available beyond 200 cm-r. 

TABLE VI.-TETRAHEDRAL (l-l)MX,, M-X sv~~zrarc AND ASYMMETRIC 
STRETCHING FREQUENCIES (CK') 

(l-l) CoCl, CoBr, Z&l, ZnBra Ref. 

Bipyridylamine 337, 318 256,248 327, 305 233,224 22 
Ethylenediamine 315,285 21 
Dipyridyl 327, 322 20 

heating the a form* to 120’ or alternatively by incorporating about 1% of the 
tetrahedral zinc complex in the lattice to stabilize the /? form.14 Effectively the 
differentiation is between terminal M-X bonds and a non-linear M-X-M bond. As a 
consequence of the difference in bond character and stereochemistry there is a shift 
of some 80 cm-l from the two metal-chlorine stretching frequencies observed for the 
tetrahedral complex to a single broad band at about 240 cm-l for the polymeric 
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chloride. Similar spectra have been reported for bipyridyl cobalt dichloride which 
exists in both octahedral and tetrahedral forms.lb 

Other ligands form an extensive series of tetrahedral complexes. Thus triphenyl- 
phosphine oxide,18 triphenylarsine oxide,f7 thiourea,= and triphenylphosph.ine,l~~l~ 
form complexes of formula LsMXa, and with the exception of the copper complexes 
where these are known, all appear to be tetrahedral. These series of complexes are all 
formed by relatively large ligands for which four-co-ordination will be sterically 
preferred. 

A possible alternative structure is the dimeric form [L4MQt] [M&_l. This type of 
structure, as will be discussed later, has been postulated in a number of instances but 
there have been no spectra reported where the structure is certain. In contrast to this 
the far-infrared spectrum of (NH&ZnCls is exactly what would be expected for 
f(NHJ,Zns+][ZnCI,B-] but an early X-ray structure has reported the compound to be 
of the tetrahedral &MXs type. The spectrum shows only one M-Cl stretch at 285 
cm-l, the position expected for ZnC&*-.** 

Complexes with a bidentate ligand [I-1)MXa couId be either tetrahedral monomeric 
or dimeric 

X l-l X 
lM/ \M/ . 

I 
/\ /\ 

X l-l X 

though the far-infrared method differentiates between terminal and non-terminal 
M-X groups it will not distinguish between the monomeric and the ligand-bridged 
dimeric forms, although of course the third alternative, bridging through halogens, 
will be clearly identifiable.81 

Copper complexes, L,CuX, 
Copper complexes of the type L,Cu& or (l-1)CuXs usually give spectra very 

different from those of the other first row elements.” The structures, because of the 

TABLB ~I."coppER CXIMPLEXES L,cucf,, FREQUENCIES IN cm-' 

L 

WdineI* 
(Quinoline), 
(N&&t 
(2, 3-Di~thylq~ox~e) 

* Goldstein et al. 
t Data to 200 cm-l only. 

CUCI( 

281,229, 117,90 
330, 151, 84 
251 
368 

Cu.&, 

256,204, 132, 60 
266, 110,52 

222,205 
278 

Jahn-Teller effect, are normally distorted polymeric octahedral with four short and 
two long bonds and, for example, in dipyridine copper dichloride, chlorine atoms 
occupy a bridging position such that one Cu-Cl distance is shorter than the other. 
Thus the structure is related to that of other polymeric octahedral complexes but the 
M-X-M bonds are asymmetric .= This structure is one which may give metal-halogen 
stretching frequencies over a wide range, depending on bond lengths and strengths.24 
The two extremes of the structure may be represented by the case in which the long 
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Cu-X bonds are so extended as to make the complex ef%ectively square planar, and 
the other where there are four Identical Cu-X distances and the complex is eBctively 
regular pol~eric. Compa~so~ of the data for square planar nickel% indicates that 
in the former case the C&Cl stretch cotid occur at as high as 4Qo ~rn-~ while for 
the latter the frequency would be expected at about 240 cm-l. In practice the extremes 
of the range seem to be represented by 368 cm--l for 2,3&methylquinoxaline copper 
dichlo~de~ and 251 cm-r for diamine copper dichl~ride,“~ For the mjority of com- 
pIexes within this range, o&y one band is assignable to a ~p~r~~or~e stretching 
mode and this seems to be characte~stic. This is similar to the one band observed for 
trots square planar complexes and undoubtedly the observed peak co~po~ds largely 
to the stretching mode of the short Cu-CI bond. At lower frequencies two additionait 
bands are observed and these must correspond to vibrations of the 

Cl 

The as~~rn~t of spectra observed for a number of coppt?~ complexes of various 
stoichiome~es has been discussed recently by Adams and Lock.” They point out 
that the dimeric pyr~dine-abode copper dichloride has a structure with only terminal 
Cu-Cl bonds and this gives copper-chlorine stretches at 325(sh) and 315 cm-l. 

Few spectra of five co-ordinate complexes have been reported. Terpy~dy~ zinc 
and cadmium d~cb~orjdes each show two bands (288,279 crz@ for zinc; 269, 255 
cm-z for cadmium; data to 200 cm--l only) which in the case of zinc are at s~~gh~~y 
lower frequencies than would be expected for a tetrahedral complex.W 

bruit L&Xa complexes would be expected to give onIy one sketching frequency 
and this was reported to occur at about 240 cm -I for tetrapyr~diue cobalt and nickel 
dich~o~des.~3 More recently the speeSra of a wide range of tet~th~~~rea metal 
dihalides have been reported18 and these give rise to two bands assignable to a metal- 
halogen stretch and a bend. On the basis of their spectra, the complexes appear to be 

7, 13 
1st 
28 

28 
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truer octahedral, as do the complexes tetrabenzimidazole copper dichloride and 
bromide;= for these, presumably because the halides occupy the long-bond positions, 
the frequencies are lower. 

Octahedral complexes, (l-l),MX, 
The spectra of diarsine complexes of bivalent metals were examined by Lewis 

et al.% down to 200 cm-l without any pattern for the metal-halogen vibrations 
emerging. However, a study of biuret complexes at longer wavelength@indicates that 
metal-halogen frequencies appear in much the same region as for L,MX, complexes. 
For these complexes some of the bands split but it is not known whether this indicates 
that the structures are cis. 

Square planar, M&s- 

The spectra of this type of planar ion have been the subject of much study and 
considerable theoretical discussion .so While theory predicts four infrared-active 

TABLE IX.-SQUARE PLANAR MX,*-, FREQUENCIES (cm-') 

Y#, M-X stretch M-X bends Ref. 

K,PdCl, 336 193, n.0. 110, 95 30+ 
KIPdBr, 260 140, 130, 100,85 
K,PtCl, 325 193, 175, 106 ;:; 
K#tBr, 234 --- 34t 

Ye for PdCl,*- salts: NH,+, 327; K+, 336; Rb+, 331; Cs+, 328 30* 
l Perry et al. 
t Sabatini et al. 
$ Hendra and Sadasivan. 
n.o. = not observed. 

modes, the predominant feature of the spectra is us, an M-X stretching frequency. 
The remaining bands in the spectra have been assigned to bending and lattice vibra- 
tions. The data for ys of PdCd2- (Perry et ~4.30) with various cations show decreasing 
frequency with increasing size of counter-ion, a feature observed for many spectra of 
ionic substances.s1 

The single M-X stretching frequency observed for trans L2MX2 occurs at much the 
same wavelength as ye for planar MK2-, so it would not be possible to differentiate 
[L4M2+] [MXd2-] from trans L,M& in this instance. 

Square planar, LMX,- 

The far-infrared spectrum of Zeise’s salt K[C,H,PtCI,] shows three strong bands 
(339,331,310 cm-l) in the Pt-Cl stretching region as well as a number of bands at 
lower frequencies. 32 While the former appear to be purely Pt-Cl stretch, the latter 
must be regarded as bending modes of the entire skeleton. 

Square planar cis and trans I+MX, 

Formed by platinum and palladium and to a lesser extent by nickel, these complexes 
were amongst the earliest to be studied by far-infrared methods.28*ss 

Theory requires that the trans isomer should give only one metal-halogen stretch, 
while the cis isomer should give two. In most cases this is the pattern which is in 
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practice observed and sulhcient data have accumulated to deGne characteristic ranges, 
with the exception of Pd-Br frequencies. ss~~ More recently a number of spectra have 
been reported beyond 200 cm-l (Durig et ~Z.“B~) and both cis and tran~ complexes 
have two bending modes in this region. 

TABLE X 

Square planar cis L&H, 

Reported complexes have two M-X stretching frequencies (cm-r) in the 
following ranges: 

L,PdCl, 354-307, 346-287 L,PdBrs insutlkient data 
LsPtcl* 360-302, 345-281 LpPtBrr 254-211,226193 

In addition, two M-X bending frequencies have been reported* beyond 
200 cm-r : 

(Pyridine)lPtC1, 163, 108 PtI, 103, 88 

Square planar trans L&X, 

Reported complexes have one M-X stretching frequency in the following 

L,PdCl, 
ranges : 

365-333 4PdBrs insufficient data 
L*PtCl, 343-326 L,PtBr* 259-227 

(Trimethyl phosphine)rNiCIS 403, NiBr, 340, NiIs 280t 

Again two M-X bending frequencies have been reported: * 

(Pyridine)lPdCIS 166, 122 PtCI, 167, 125 

* Durig et aLs6 
t Coates and ParkinS 

Generally the metal-halogen frequency for the trans complex occurs within a 
narrower range of values than do the two frequencies characteristic of the cis complex.ss 

Squareplanar [I-1-IMX] 

The tridentate ligand diethylenetriamine forms a three-co-ordinate complex with 
palladium halides. The complexes show one Pd-X stretching frequency at 333 cm-l 
for the chloride and 241 cm-l for the bromide.% 

Platinum(I. and palladiurn(II) bridging frequencies 

Adams and Chandlers7 have reported data for a number of compounds containing 
halogen bridges and report two bands assignable to bridging frequencies in all the 
compounds studied. The higher frequency band is only a little lower than that 
observed for the trans monomeric complex, while the second is some 25-50 cm-l 
lower. Lupin et al. 38 have reported data for compounds (allyl),Pd,Cl, and these also 
show two bands assignable to the 

Cl 
/ \ 

Pd Pd 

‘Cl’ 

bridge. 
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SOME RECENT APPLICATIONS OF FAR INFRARED SPECTROSCOPY 

Identification of MX4 ~- 
Clark and Williams is have observed the metal-chlorine stretching frequency of 

MC14 ~- in the decomposition products MClz(bipyridyl)vaa derived from complexes 
MCl~(bipyridyl)a (where M----Co or Ni). Similarly, they identify the dihydro- 
chloride of CoClz.bipyddyl as [bipyddyl-H+]~ [CoC14 ~-] on the basis of bands at 306, 
294, 282 cm -1, which it is suggested are due to ~a of CoCI~- split by site symmetry 
effects. 

Dimethyl sulphoxide adducts of formula (DMSO)sMCl ~ (M = Mn, Co, Ni) have 
been known for some time. s* On the basis of visible speetra they have been assigned 
formulae [(DMSO)eM~'][MC14 ~-] and the presence of MC14 ~ has been confirmed 
by far-infrared studies, t° 

Adducts of alkyl and aryl halides with phosphine metal halide complexes 
Bistriphenylphosphine metal dihalides [($aP)zMX~] form adducts (~P)zMX~.I 

or 2RX which from visible--near-infrared spectra and magnetic moments have been 
erff  ) 

I~01 200 3 ~  400 

# 

lO0 2OO 300 
cm-' 

FIG. 3.--Adducts of dipyridinc cobalt ¢h~bromide. 
A--A PyiCoBr,. 
B---B [PyC~I,+] [PyCoBr,,](Py,CoBr,.C~/,Br). 
C--C [PyCtH,+Jt[CoBr, t-](PytCoBrt.2CtHTBr). 

4 0 0  



168 R. H. Ntrrrfi 

identiGed41 as [&PR+] [hPMX,-] and [$aPR+]a [M&Is-. The metal-halogen fre- 
quencies of these complexes are virtually identical with those of the compounds 
[Et4N+][#aPMXsA] and [Et4N+]a[M&B-] discussed above. Moreover the spectra of 
the zinc complexes indicate that they also have similar structures. Similarly, pyridine 
complexes may be prepared and these too may be formulated as compounds [PyR+]- 
[PyMX,-] on the basis of their metal-halogen frequencies12 (Fig. 3). 

Platinum and palladium complexes 

Studies of square planar complexes are numerous and recent examples include 
the identikation of the structures of cyanopyridine complexes with platinum and 
palladium chlorides42 and a study of the interconversion of cis and trans diammine 
palladium chloride.43 

CONCLUSION 

Far-infrared spectroscopy is a rapidly expanding technique which is even now 
providing results of use to the inorganic and analytical chemist. It is to be expected 
that the future will see the continuation of the exponential growth of data presented 
in the literature. 

Acknowledgemen~s-The author would like to thank Professor D. W. A. Sharp for helpful discussion 
of much of the information presented here and Mr. K. P. Forrest for assistance with several of the 
spectra. 

Z-g-Es gibt xahlreiche Untersuchungen tiber die 
Metall-Halogen-Schwingungsfrequenzen von Komplexen; offenbar 
sind solche Frequenzen oft charakteristisch ftir Struktur und Stiichio- 
metrie. Obwohl allgemein anwendbar, ist die Methode von besonderem 
Wet?, werm weder Ultraviolettsprekten noch magnetische Momente 
helfen. Es wird eine Ubersicht tiber die laufende Literatur gegeben, um 
die Charakterisierung unbekannter Stoffe xu erleichtern, die sich von 
Halogeniden zweiwertiger Metalle ableiten. 

R&sum&Des etudes des frequences de vibration metal-halogene de 
complexes sent nombreuses et il est apparent que de telles frequences 
sont souvent caractbistiques de la structure et de la stoechiometrie. 
La methode, quoique g&eralement applicable, presente le plus vif 
inter& lorsque ni les spectres ultra-violets ni les moments magnetiques 
ne peuvent etre utilis&. On passe en revue la litterature actuelle avec 
l’intention de faciliter la caracterisation de substances inconnues 
derives d’halogenures de metaux divalents. 
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Summary-A method is given for determining the general formula 
UGa+, of sintered uranium dioxide pellets and uranium dioxide 
powders. Uranium(VI) is reduced by titration with iron(H) ammonium 
sulphate, after which the total amount of uranium is oxidized by 
titration with potassium dichromate. The end-points of both titrations 
are detected electrometrically. Determination of x in the range 
04001-1~00 is possible. 

IT IS important to know how the composition of nuclear fuel uranium dioxide pellets 
differs from the formula UO,. Since the deviation from stoichiometry is caused by a 
small amount of uranium(W), expressed by the formula UO,, a method is needed 
fordetermining uranium(W) in the presence of a relatively large amount of uranium(IV). 
As the value of x is usually small, a sensitive method should be used. 

One of the most commonly used volumetric methods for the determination of 
uranium(M) is the titration with titanium(III), e.g., the method reported by Simmler,l 
who dissolved the oxide in phosphoric acid. 

Several authorss4 have used coulometric methods, whereas Kubotas described a 
polarographic method for determining the stoichiometry of uranium oxide. 

Spectrophotometric and gravimetric methods are also known for the determination 
of micro amounts of uranium(VI), but these procedures are difficult to apply to 
sintered uranium dioxide pellets. Gopala Rao and Seetarama Raju Sag? have 
reported a procedure in which uranium(VI) can be determined by reduction with 
iron ammonium sulphate in a solution of concentrated phosphoric acid. Further- 
more, Gopala Rao et al.’ showed that uranium(IV) can be oxidized to uranium(W) 
with potassium dichromate in a phosphoric acid medium. 

&cause of the simplicity of this method, we adapted it to the determination of 
the U/O ratio in sintered uranium dioxide pellets. The pellets are sintered cylinders 
with a height and diameter of about 10 mm and a weight of about 10 g. This method 
is also applicable to the analysis of uranium dioxide powders. The method has the 
advantage over all others that only simple apparatus is required and that no special 
reagents are needed. 

EXPERIMENTAL 

Apparatus 

Titration vessel with ground-glass head, Fig. 1. 
Two platinum electrodes. 
Heating-mantle, Isomantle, type PMQ 100. 
Mechanical stirrer, driven by an a.c. motor. 
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Millivoltmeter, Philips’ GM 6020 or PM 2440. 
Platinum-wire basket. 
Micro-burette, 1 ml, Metrohm E 374. 

Reap’s 
Phosphoric acid. Pro analysi grade phosphoric acid. 
Zron(ZZ) ammonium suIphate solution. (a) O*lN in 1 N sulphuric acid, (b) 0.01 N in 1 N sulphuric 

acid. 

Pot~sium di~bro~te. O-IN in water. 
~raa~rn(V~ solution, 1 n?glml. Weigh 450 mg of pro aaa&si grade UO*(CH~C~)~*2H*O, 

dissolve it in a few ml of water and add a few ml of concentrated sutphuric acid. 
fuming and continue heating for a further l-2 min to remove the acetic acid. 

Evaporate until 
Cool, dilute with water, 

: . c 
L 

FIG. l.-(a) Titration vessel with stirrer (I) and eIectrodes (2). 
The exposed platinum parts of the electrode system are 7 mm long and O%nm dia., 
giving a current density of lo-’ or 1O-B A/cm* (R = 2000 or 20,000 MC! respectively). 
(b) Top view of the glass head with entries for stirrer (l), electrode (2), nitrogen-inlet 

tube or thermometer and burette (3,4). 
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transfer to a 25Oml volumetric flask, make up to the mark and mix. The solution can be standardized 
by a gravimetric method using 8-hydroxyqu~o~e or, after reduction with metallic cadmium, by 
titration with aide sulphate. 

Procedurt? 

Introduce the platinum basket with the uranium dioxide pllet into the titration vessel and add 
35 ml of concentrated phosphoric acid. Insert the glass hea mto the vessel, place the stn’rer m the 
solution and remove the air from the solution by passing nitrogen or any other inert gas through it. 
Place the vessel in an electric heating-mantle and heat to 190’, while stirring, over a period of 30 min. 
Cool to room temperature. Take the basket with the rest of the pellet out of the solution, and 
remove the thermometer. Place the electrodes in the solution and take care that the stirrer is rotating 
just below the surface of the solution, to avoid the formation of bubbles in the viscous solution 
(Fig. la). 

Connect the electrodes to the millivoltmeter, a 224-V battery and two lOOO-MQ resistors (Fig. 2). 
If O.OlN iron(I1) ammonium snlphate solution is used for the titration, two lOOOO-MQ resistors 
should be used. The electrodes should have the same 
Raise the nitro 

f 
pi, n-entry tube, to stop the gas from bubb 

olarity in the circuit in successive titrations. 
g through the solution, during the titration. 

Put the tip oft e burette into the solution and stir vigorously. Titrate with @lN iron(H) ammonium 
sulphate solution, adding increments of 5-10 al, and wait for about 30 set after each addition until 
the potential indicated is constant. 
amounts of titration solution. 

Read the millivoltmeter and plot the potentials against the added 
Calculate the end-point of the titration by extrapolation (Fig. 3). 

Replace the burette contaiuing iron(D) ammonium sulphate by a burette containing 0-W 
potassium dichromate and titrate the total amount of uranium, making a correction for the excess of 
iron ammonium sulphate. 

For the analysis of powders put a weighed amount of the sample into the titration vessel, add 
35 ml of phosphoric acid and continue as above. Generally, powdered samples will be completely 
dissolved within the period of 30 min. The titration with potassium dichromate may be omitted, as x 
can be calculated from the weight of the sample and its content of uranium(W). 

Calculation 

The weight of UO,,, dissolved is given by the equation 

and the value of x by the equation 
g = 0.135~ f- OXtO8a, 

x =i alla2 

where g is the weight of the sample in grams, a1 is the number of mequiv of iron(I1) ammonium 
sulphate used in the Srst titration, and a, is the number of mequiv of potassium dichromate used 
in the second titration. If a weighed powdered sample is dissolved and titrated with iron(D) 
ammonium sulphate only, x is given by 

These calculations are based on the atomic weight of natural uranium. 

&n&s and interferemm 

When pro analysi grade phosphoric acid was taken through the procedure, the blanks were found 
to be less than IO,4 of O.OlN iron(U) ammonium sulphate. 

Iron( and other components that change the oxidation states of uranium when the oxide is 
dissolved, must be absent. Specifications for reactor-grade uranium dioxide usually set the limit for 
the presence of other elements so low that there is no significant inthtence on the amounts of titrants 
used. 

DISCUSSION AND RESULTS 

Uraniums) can be reduced to ura~um(~ in a concentrated phosphoric acid 
medium by titration with a solution of iron(E) ammonium sulphate, and the end-point 
can be detected potentiometrically with a millivoltmeter and a saturated calomel 
electrode-platinum electrode system. However, a much better end-point was obtained 
when two platinum electrodes and a constant current of about 1O-8 A were used. 
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A 

FIG. 2.-Circuit diagram for measuring the potential of the solution. 
Pi-platinum electrodes; A-22&V battery; R-1000 or 10,000 Ma resistor; 

V-Philips’ GM 6020 millivoltmeter. 

A good stirring system was essential because of the viscosity of the solution. It 
was found that a magnetic stirrer was inadequate and that a mechanical stirrer with a 
rotating glass rod, placed vertically in the solution, was more effective. Because 
spatter of the syrupy phosphoric acid on the non-immersed parts of the electrodes 
disturbed the measurement of the potential, the electrodes were partly sealed in glass 
tubes; the inner walls of these tubes must be absolutely dry (Fig. la). It was found 
important that the exposed electrode should have an area that would give a favourable 
current density (-lo-’ A/cm?. 

To avoid the formation of bubbles in the viscous solution and on the electrodes, 

I r------ 

(4 (4 
FIG. 3.-Titration curves: (a) is the ideal form, from which the end-point can be read 

directly; from a curve like (b) the end-point must be extrapolated. 
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the stirrer should be rotated just below the surface of the solution, and the electrodes 
dipped into the solution to such a depth that the exposed parts of the electrodes are 
about 15 mm from the stirrer. For optimum conditions it was found necessary to heat 
the phosphoric acid to 190 f 5’ over a period of 30 min and then to cool it, otherwise 
the indication of the potential during the titration was very unsatisfactory. The 
viscosity of the solution became too great if the temperature was raised above 190”. 

During the heating of the phosphoric acid the sample to be analysed must dissolve. 
However, the reaction between sintered uranium dioxide and phosphoric acid was 
very slow and the splintered pellet would not dissolve quantitatively within the 
prescribed 30min. Pulverizing the pellet in an air atmosphere was not possible 

TABLE I.-GE IN x FROM THE SURFACE OF A PELLET TO ITS 
INTERIOR; IN ALMOST ALL CASES THB VALUE OF X BECAME CDNSTANT 

AITBR 2-4 DBTBRhfINAnONS 

Sample Thickness of the 
No dissolved, mg layer, mm x 

548 
450 
351 
588 
120 

F5 
734 
350 
376 

0.13 
0.11 

0”:: 
0*04 
0.16 
0.07 
0.26 
0.14 
0.17 

00059 
O-0019 
OGO16 
0*0013 
00I12 
0.0012 
oGO12 
om12 
oGO12 
oGO12 

because it would result in serious oxidation of the sample. The effect of grinding on 
the analysis was investigated as follows. A uranium dioxide pellet was pulverized in 
a mortar and a 515-mg sample taken to determine the value of X; x was found to be 
O-0039. To see whether there was any difference between fine and coarse particles, 
the sample was sieved; 508 mg of fine and coarse particles were taken and x was found 
to be OM69 and 0~0010 respectively. The fine sample was ground further and the 
value of x increased to O-010. We therefore tried to pulverize the pellets in an inert 
atmosphere in a glove box, but we found it very troublesome to obtain a powder 
sufhciently fine to be dissolved within the required 30 min. 

To overcome these difficulties the following procedure was used. A platinum 
basket containing the pellet to be analysed was introduced into the phosphoric acid. 
During the heating period some uranium dioxide from the surface of the pellet was 
dissolved. The amount of uranim(V1) in the solution was determined by titration 
with iron(I1) ammonium sulphate, after which the total amount of uranium was 
determined by titration with potassium dichromate. This procedure has the additional 
advantage that the pellet can be used a number of times to determine how the value 
of x varies from the outer to the inner parts of the pellet. In this way the average value 
of x in different layers can be determined and the thickness of the layer calculated 
(Table 1). 

Atmospheric oxidation of the pellets can be ignored. Pellets analysed in this way 
until x became constant were rinsed with water and alcohol and dried in a current of 
air from a blower. These samples were analysed again after 24 hr and one week and 
no increase in the value of x was found. 
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Powders with various x-values were analysed. For pure UaO, samples x was 
found to be 0.66467, and in UO, powders x was found to have the theoretical value 
1.00. The method was controlled by the addition of varying amounts of the stand- 
ardized uranium(W) solution to phosphoric acid in which pellets with a constant 
x-value had previously been treated. Between O-1 and 2 ml of the uranium(V1) 
solution were added to phosphoric acid, treated as described, and the amount of 
uranium(W) was determined. The relative error of the method varies from l-10%, 
depending on the amount of uranium(W) in the solution. Very low values of x can be 
determined by titration with O*OlN iron(H) ammonium sulphate. However, it is then 
advisable to use a current of 10mg A. Values for x as low as 04OOl were investigated; 
at this level, interference from impurities may become significant. In this laboratory 
the method has been used for several years with good results. 

Acknowledgements-The authors wish to express their thanks to Mrs. M. J. Beemster-Dekker, 
Mr. A. Kout and Dr. A. Toik, Stichting Reactor Centrum Nederland, Petten, Netherlands, for 
private communications. They are also indebted to Mr. W. Schuurman for his assistance with the 
experimental part of this work. 

Zusammenfassung-Eine Methode zur Ermittlung der allgemeinen 
Formel UO*+, gesinterter Urandioxidtabletten und -pulver wird 
angegeben. Uran(V1) wird durch Titration mit Eisen(II)-ammonsulfat 
reduziert und anschlieBend das gesamte Uran durch Titration mit 
Kaliumdichromat oxidiert. Die Endpunkte beider Titrationen werden 
elektrometrisch angezeigt. Die Bestimmung von x ist miiglich im 
Bereich 0,0001-1,OO. 

R(ssnme-On donne une mbthode pour determiner la formule gene&e 
UOs+* des pastilles de bioxyde d’uranium fritte et des poudres de 
bioxyde d’uranium. On reduit l’uranium(VI) par titrage au sulfate 
de fer(II) et d’ammonium, apres quoi on oxyde la totalit de l’uranium 
par titrage au bichromate de potassium. Les points de fin de reaction 
des deux titrages sont d&e& &ctrom&riquement. La determination 
de x est possible dam le domaine 0,0001 il 1,OO. 
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~~~eiating abilities of several ~~i~l~ containing a 
hydroxy and/or a ~e~y~o group, and the structures of their 
copper chelates, were investigated. I-(S-Methyl-e~dazolylazo)-2- 
naphthol(L4N) formed a brown-black chelate having the composition 
Cu(ligand)Br whereas 4-(5-methyl4imidazolylazo)dimethylamjno- 
benzene (DAI) formed a reddiih brown chelate Cu(ligand)nBrr-2i-&0. 
The contribution of the phenolic OH and the imino NH group to the 
binding with copper is discussed from the infrared spectra. The metal: 
ligand ratios of the C&I), Ni(II), Cu(II), Zn(IIj and Cd(H) chelates 
were determined by the method of continuous variations and their 
stability constants were determined at 25” in 50% v/v dioxane-water 
by the Bjerrum-Calvin method. The OH-containing axoimidaxoles 
were found to form Stable chelates with log K&8 values 149-254 
and the stabilities approximately followed the Mellor-Maley stability 
sequence. The compound DAL which has no OH group, formed weak 
chelates with Co(n), Ni(II) and Cu(II). 

STUD= have been reported on the chelating abilities of many o-hydroxyphenylazo 
compounds with such heterocycles as pyridine and thiazole, and they play a very 
important part in the prediction of the applicabilities of the azo compounds as analyti- 
cal reagents. From the remarkable colour reactions of the azoimidazoles, which were 
reported in a previous paperf it is expected that they may be useful analytical reagents 
for metal ions. In order to make comparison of the chelating abilities of the azoimida- 
zoles with those of the existing reagents, such as l-(2-pyridylazo)-2-naphthol(PAN) 
and related compounds, and to estimate their analytical applicabilities, the stability 
constants of several metal chelates of the azoimidazoles were determined by the potenti- 
ometric method, and the contribution of the phenolic OH and the imino NH group 
to binding with copper was deduced from the infrared spectra. 

The present paper deals with the discussion of the structures and the stability 
constants of the metal chelates. 

EXPERIMENTAL 

Azoimidazoles. The following four axoimidaxolesl were used: 1-(5-me~yl4~~lyl~~~ 
~ph~ol (IAN); 2-(~methyl4~d~ly~~me~ox~h~ol (IAM); 2-(~~~yl4~~lyl- 
~~yI~op~o1 (DIP); 4-(5-metfiyt4~~ly~~~y~o~~e (DAD. 

Stam&rd metal solutions, 0,OlM. Prepared by dissolving cobalt nitrate, nickel sulphate, copper 

* Part III: Chem. Pharm. BulI., 1967,15,1453. 
t Present address: Institute of Chemistry, College of General Education, Osaka University, 

Toyonaka, Osaka, Japan. 
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nitrate, zinc nitrate, cadmium nitrate, manganese acetate and lead acetate in water, and standardized 
by titration with BDTA, itself standardized with tic (99.99% pure). 

Carbonate-free 0,1Mpotassi.m hydroxide. 
ized agaiust potassium hydrogen phthaIate. 

Prepared by the method of ArmstrongD and standard- 

Nitric acid O*lM. Standardii against O*lM potassium hydroxide. 
All the reagents used were of reagent grade. Deionised water was used throughout. 

IAN IAM 

DIP DA1 

Apparatus 
Spectrophotometer. Hitachi Model EPS-2U recording spectrophotometer. 
pH Meter. Radiometer Titrator TlTl and Titrigraph equipped with a Radiometer G202B glass 

electrode and a K401 saturated calomel electrode. 

Zsolation of the capper cheIates 
Ca(ZZ)-ZAX Copper(H) nitrate trihydrate (70 mg) in 10 ml of aqueous ethanol was added to a 

solution of IAN (75 mg) in 10 ml of ethanol, and a 10% aqueous solution of potassium bromide was 
added dropwise to the mixture until the precipitation of the chelate was complete. The_ precipitate 
was filtered off, washed with aqueous ethanol and dried at 100” over phosphorus pentoxrde to yield 
brown-black crystals, m.p. 285 (decomp.). (pound: C, 42.9%; H, 3.0%; N, 14.3%; 0,42x: 
C,,H,,N,OBrCu requires: C, 4260%; H, 2.81%; N, 14.20%; 0,4*05%.) 

Cu(Z~&fZ. This was obtained similarly from DAI (60 mg) and copper(H) nitrate trihydrate 
(3Omg) and recrystahized from meth~ol~~ol to yield reddish brown crystals, m.p. 182-183” 
(decomp.). (Found: C, 405%; H, 50%; N, 19.3%: C,,H~Nr~r&u2H,O requires: C, 
40.15%; H, 4.77%; N, 1952%.) 

Titration procedure 
The pH titration procedure was essentially the same as that reported previously.* The axe- 

imidazoIe (10-20 m& accurately weighed, was dissolved in 5 ml of purified dioxane, to which 1 or 
2 ml of O~lM&ric acid, 1 ml of 1Mpotaasium &rata solution and 1 ml of 0.01~~~ ion solution 
were added, and the total volume was adjusted to 10 ml by adding water. The mixture was titrated 
with 0~1Mpotassium hydroxide at 25” under a nitrogen atmosphere, and the pH vahras were measured. 
The corn 
ide and $0 

sition of the solvent was kept constant b 
by 

adding equal volmes of 0.1Mpotassium hydrox- 
toxane at the same time through a twin uretta. 

Calibration o 
inSO%Vjv t 

rkepH meter anddetermination of the apparent ionpro&ct of water 
* xanmvater 

The calbation ~8s made according to Van Uitert and Haas.* The difl‘erence, C, between the 
calculated -log[H+] and the pH meter readiug pH,, when 0*1&f potassium nitrate in 50% V/V 
dioxane-water was titrated with @lM nitric acid under the conditions described above was found to 
be -0.12; c = -log@I+] - pH,,, where [H+] is the calculated stoichiometric concentration of 
hydrogen ions. 
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The apparent ion-product of water, K,‘, was obtained by titrating O*lM potassium nitrate in 
50% vfv dioxane-water with 0-W potassium hydroxide under the same conditions, and the value of 
pK*’ was cakxdated to bc 1540 according to the equation 

pK/ = -logpx+] - lof$OH-I 

where [OH-] is the calculated stoichiometric concentration of hydroxyl ions. 

RESULTS AND DISCUSSION 

Since the OH~on~i~g azo compounds IAN, IAM and DIP are considered to 
react,with tnetal.ions in a similar fashion while DAI reacts differently, IAN and DA1 
wewtihosen as typical compounds, and as a basis for the calculation of the stability 
constants. The metal: ligand ratios of their chelates were determined by the method of 
continuous variations at the wavelengths of maximum absorption. The results are 
su~arized in Table I. 

TABLB I.-MBTAL:UGAND RATIOS DEXRMINED BY THE METHOD OF co~muous 

VARIA’ITONS IN 50% V/V ETHANOL-WATER 

Ligand Metal ion PH Metal : l&and 

IAN CWII) 5.8 550 i:2 
Ni(II) 5.8 518 1:2 
Cu(I1) 6-O 532 1:l 
Cu(I1) 8.1 532 1:l 
WII) 512 1:2 
Cd(II) ;:: 510 1:2 

DA1 WII) 6.8 530 1:3 
Ni(I1) 64 530 1:3 
Cu(I1) 6.0 550 1:2 

The absorption spectra of IAN at pH values above 4-5 in the presence of one of the 
metal ions such as Mn(II), Co(H), Ni(II), Cu(I1) and Zn(?rI) showed strong absorp- 
tions in the region 510-560 m,u as a result of complex formation. These absorptions 
disappeared at lower pH values (below 2.5). The molar absorptivities of the copper 
and cadmium chelates were 2.0 x lob and 3.8 x 104, respectively. The spectra of 
DA1 in the presence of metal ions were essentially the same as the spectrum of DAI 
alone except that the absorptions in the region 500-550 rnp increased owing to 
complexation. 

The compound IAN was found to form 1:2 chelates with Co(II), Ni(II), Zn(I1) 
and Cd(H) and a 1: 1 chelate with Cu(I1). The ratios for the cobalt, nickel and copper 
chelates are in agreement with the values reported for PAN6 and ~(2-py~dyl~o~ 
resorcinol (PAR),& but the ratios for the zinc and cadmium chelates are different from 
those reported for PAR by Iwamoto .6 On the basis of the spectra, Wada and Naka- 
gawa’ reported the formation of 1: 2 copper chelates of PAN and PAR at a pH above 
10. The compound IAN might be expected to form a 1:2 chelate with Cu(II), but 
the present investigations at pH 6-O and 8.1 indicated the formation of the 1: 1 chelate. 

Structures of the copper chelates 

Inasmuch as the OH and NH groups of the o-imidazolylazophenoIs are supposed 
to have the ability to combine with metals, it is necessary to clarify which of the two 
groups contributes to the binding with metals under the experimental conditions used. 
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The compounds IAN and DAI form copper chelates of the compositions Cu- 
(1igand)Br and Cu(ligand)*Br~.2HsO, respectively. The presence of bromide ions in 
the chelates indicates that in the Cu(II)-IAN chelate only one of the two groups 
(NH and OH) is involved in the binding with the copper atom, whereas the binding 
in the Cu(II)-DAI chelate apparently does not involve the NH group. The infrared 
spectrum of the Cu(II)-IAN chelate, shown in Fig. 1, exhibits a band at 3190 cm-l 
which may be attributed either to the N-H of the imidkole ring or to the O-H of the 
phenohc moiety, and the broad absorptions of the ligand in the region 2500-3000 cm-l 
are not observed. Deuteration of the chelate gives a band near 2380 cm-l, and causes 

-l a frequency shift in the region 1400-1450 cm where the stretching frequencies of the 
imidazole ring are to be found. * That the deuteration affects the ring stretching 
frequencies may be indicative of the formation of the N-D bond and consequently 

,I+ 
JMK)?iooo2soo 2ooo leoo 1500 1400 

Wave number km-‘) 

FIG. L-Infrared spectra of the Cu(XI)-IAN chelate and its deuteration product 
(HCl3 mull). 

- Non-deuterated. 
- - - - Deuterated. 

The &elate could not be deuterated completely owing to insuEcient solubllty 
in dioxane-deuterlum oxide. 

the presence of the NH group. The view is also supported by the p& values of the 
OH and NH groups of IAN and DAI* and the binding site found in the Cu(II)-DA1 
chelate. Binding through the OH group may also be presumed to take place on 
complex formation with the other transition metals. Concerning the co-ordination of 
the axe group of PAR, Geary et al., e by comparing the colour reactions of PAR and 
some structurally related compounds concluded that the nitrogen atom farthest from 
the pyridine ring made the greater contribution. In the previous paper,lO the greater 
reactivities of the SchilI bases (a) with metals as compared with the Schiff bases (b) 
were attributed to the ability of the a-type Schiff bases to form a five-membered 
chelate ring (Fig. 2). 

b-4 0 
Fro. 2.4tructures of the Sch@ bases. 
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Because IAN and DA1 seem to be structurally comparable with PAR and the 
SchilI bases, the considerations above are probably applicable to the present cases, 
and the complexing groups may be considered to be the pyridine-like nitrogen, the 
axe nitrogen farthest from the imidazole nucleus, and the OH group. Although the 
charge of the Cu(II) ion is not neutralized completely, the Cu(II)-IAN chelate is 
soluble in chloroform and isoamyl alcohol and almost insoluble in water, whereas 
the Cu(II)-DA1 chelate is soluble both in chloroform and water. 

Stability constants 

The chelating abilities of the azoimidazoles were investigated according to the 
Bjerrum-Calvin method .ll-ls As they are considered to be dibasic acids in the pH 
ranges used for the calculations of the constants (Table II), the concentration of free 

TABLB II.-pH RANGES FORTH2 c ALclJLATI0N20FTIiE!JrARILITY 

CONSTANTS 

Metal ion 
IAN 

L&and 

I AM DIP DA1 

Co(I1) 2.64.0 2.7-3.6 2.7-4.1 25-4.9 
Ni(I1) 23-3.8 24-3.6 2.4-4.1 24-5.7 
Cu(I1) 2.1-3.7 2.1-3.4 2.2-4.0 2.2-3.8 
ZnOI) 2.645 3-l-6.7 3.0-5.1 
Cd(I1) 28-57 26-7.2 26-4.9 

ligand, [L], and the average number of ligand molecules bound to a metal atom, n’, 
were calculated by means of the following equationsls*l* 

[L] = &,I + [HN41- WHI - W+l + W-1 
[Hf] 2 [H+12 

k+k.k 2 1 

j-j= 

[LJ- .,(i+F+kq] 

NJ ’ 
2' 1 

where [L,J and [M,,] are the total concentrations of ligand and metal, respectively, 
and kl and k, are the acid dissociation constants of the ligand.s 

On the basis of the structures of the copper chelates described above, the binding 
withmetals through the OH group of IAN, IAM and DIP was taken into account 
and the contribution of the NH group to the binding was neglected. 

The stability constants were calculated from 15-50 sets of ii and -log [L] (pL) 
by using the method of least squares .= When the chelates had a metal : ligand ratio of 
1: 3, the results were calculated from half A values with or without refining by the 
method of successive approximations .U*16 Owing to the low solubilities of the che- 
lates, precipitation occurred during every titration, so that complete formation curves 
could not be obtained. In some cases there were abnormal decreases in the fi values 
beginning at a point near pH 4 and the values then increased again gradually. For 
these reasons, some stability constants were obtained only from limited pH ranges and 
are of less validity. All the calculations were made with the use of the KDC-II 
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(Hitachi HITAC 5020) digital computer of the ICyoto University Computation 
Centre. The titration data for the copper chelates of IAN, IAM and DIP suggest a 
metal :ligand ratio of I :2 that does not agree with the result of ~on~uo~s variations, 
and the treatment of the data by the method of least-squares gave the log pa values, 
which are shown in parenthesis for comparison. This discrepancy may arise from the 
possible dissociation of the NH group of the imidazol: nucleus, facilitated by the 
presence of Cu(I1) ions. However, Geary et af. I7 aIso reported the log K1 and log Ks 
vaIues for the Cu(II)-PAR chelate, for which the metal: ligand ratio was determined to 
be 1: 1 by the method of continuous variations .6 The stability constants are summarized 
in Table III. 

TABLE III.-STABRITY CONSTANTS OF m METAL cmm OR THB AZOIMIDAZOIES 
IN 50% v/v DIOXANIS-WATER AT 25 f 0.1% (@lMKNO,) 

I&and* Co(II} Ni(II) Culrr) Zn(H) Cd(H) 

IAN 

IAM 

DIP 

DAI 

log KI 
log KI 
log Ba 
log Kl 

E$j 

log & 
log 4 
log Ba 

log 4 
log KS 
log Kli 
log B 

13.0 12.9 
11.8 
24.7 

11.2 11.8 
10.2 * 
21-4 2T.79 

12.8 13.9 
11.5 11.5 
24.3 25.4 

4.2 4-3 ;:: 
4.2 4.41 

12.7 14-l 

14-l 

:::3$ 

13.3 
(11*3)? 
(24+% 

14.5 

:;:::;; 

5.0 
6.4 
- 

11.4 

11.6 10.4 

2;.: 
8.0 

18.4 

10.0 8.4 

166.99 1i.g 

11.7 12.3 

* The p’I;I values in 50% v/v dioxane-water at 25 k 0.1” are? 
IAN: p&, = 3.8; pi!&, = 11.6 
IAM: PK., = 3.9; p&, = 11.0 
DIP: PK., = 4.9; PK., = 11.8 
DAI: pK& = 1.3; p& = 5.1. 

t Shown for comparison because the resuhs of continuous variations indicate 
the formation of 1: 1 chelates. 

$. Obtained from the formation curve by the relationship log K,, = pLii where 
ir=ti-t. 

It is apparent from the table that the o-hydroxyphenylazo derivatives IAN, IAM 
and DIP form very stable chelates. Their Ni(II), Cu(I1) and Zn(I1) chelates are 
slightIy less stable than the corresponding cheIates of PAWe*ls but much more stable 
than those of the related o-~~oly~ophenols .Bo Their stabilities. are comparable 
with those of the chelates of 4-(2-thiazoiylazo)resorcinol.21 Of the four ligands, DIP 
forms the most stable chelates with all the metals studied. The stabilities fall in the 
order DIP > IAN > IAM > DAI, and this may be explained in terms of the pK, 
values of the compIexing groups of the ligands. The log k; values of the cheIates of 
IAN, IAM and DIP appro~ate~y follow the MeIIor-M~ey stability sequence. 

On the other hand, the compound DAI, which has no OH group, forms weak 
chelates with Co(II), Ni(I1) and Cu(I1) (log B = 11-14). The log & values are 
comparable with those reported for 2-(p-dimethylaminophenylazo)pyridine= which 
has a structure closely resembling that of DAI. When the stabilities of these chelates 
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are compared with those of the IAN, IAM or DIP chelates, the strong effect of the OH 
group on the chelate stability is readily perceived. 

Generally the log & values are greater than the log KS, values except that the 
log KJKa values of the Cu(II)-DA1 and Co(II)-DAI chelates are -1.4 and -0.1, 
respectively, and formation of 1: 1 chelates is therefore preferred to that of 1:2 
chelates. As the o-imidazolylazophenols ate considered to be terdentate ligands, the 
preferred formation of 1: 1 chelates may be due to the steric requirements around the 
central metal atom. 

It is expected from the stability constants that IAN, IAM and DIP would be good 
metallochromic indicators in chelatometric titrations with ethylenediaminetetra- 
acetic acid (EDTA) as titrant, because, so far as their 1: 1 chelates are concerned, they 
are sufficiently stable but not as stable as those of EDTA. Although the standard 
deviations of the log /la values for some chelates (05-l) are somewhat larger than 
usual, the constants may be of value in estimating their analytical applicabilities. 

AcknowZe&emnrs--The authors are grateful to the members of the Microanalysis Centre of Kyoto 
University for microanalyses. They are also indebted to the members of Kyoto University Computa- 
tion Centre for computations. 

Zasannne&ssnag--Die F%higkeit einiger Axoimidaxole mit einer 
Hydrox 

d: 
- und bxw. oder einer Dimethylaminogruppe zur Chelatbildung 

sowie re Struktur ihrer Kupferchelate wurden untersucht. l-(5- 
Methyl4imidaxolylaxo)-2-naphthol (IAN) bildete ein braunschwarxes 
Chelat der Z usammensetxung Cu(Ligand)Br, 4-(5Methyl4imid- 
axolylaxo)dimethylaminobenxol (DAI) hingegen ein rbtlichbraunes 
Chelat Cu(Ligand),Br,*ZH,O. An Hand der Infrarotspektren wird die 
Beteiligung der phenolischen OH- und der Imino-NH-Gruppe an der 
Bmdung mit dem Kupfer diskutiert. Die Metall:Ligand-Verhiiltnisse 
der Chelate von Co(II), Ni(II), Cu(II), Zn(II) und Cd(H) wurden mit 
der Methode der kontinuierlichen Variationen ermittelt, die Stabilitats- 
konstanten bei 25” in 50% (Volumen) Dioxan-Wasser nach der 
Methode von Bjerrum tmd Calvin. Die OH enthaltenden Axoimidaxole 
bilden stabile Chelate mit log KIKp von 14,9 his 25,4, die Stabilit&n 
folgen ungef&hr der Sequenx von Mellor und Maley. DAL das keine 
OH-Gruppe besitxt, bildet schwa&e Chelate mit Co(n), Ni(II) und 
cU(Hk 
R&sun&-On a etudie les aptitudes chelatantes de plusieurs axoimid- 
axoles contenant un groupe hydroxy etlou un groupe dim&hylamino, 
et les structures de leurs chelates avec le cuivre. Le 1-(5-methyl 
4-imidaxolylaxo)2-naphtol (IAN) forme un chelate brun-noir ayant 
une composition Cu(llgand)Br tandis que le 4-(5-m&hyl4-iidaxolyl- 
axo)dimethylaminobenxene (DAD forme un chelate brun rougeiltre 
Cu(ligand),Br,, 2H,O. A partir des spectres i&a-rouges, on discute 
de la contribution du OH phenolique et du groupe NH imino a la 
liaison avec le cuivre. On a determine les rapports m&al:ligand des 
chelates de Co(E), NiO, Cu(II), ZnOI) et Cd(E) par la methode des 
variations continues et leurs constantea de stabilite ont ete dbtermint+es 
a 25” en dioxaneeau 50% v/v par la methode de Bjerrum-Calvin. 
On a trouve que les axoimidaxoles posstdant OH forment des chelates 
stables avec des valeurs de log K,K, de 14,9-25,4 et les stabilit6s 
suivent approximativement la sequence de stabilite de Mellor-Maley. 
Le compose DAL qui ne po&de pas de groupe OH, forme des chelates 
faibles avec Co(E), Ni(II) et Cu(II). 

REFERENCES 
1. 0. Yamauchi, H. Tanaka and T. Uno, Chem. Pharm. Bull., 1966,14,948. 
2. A. Albert and E. P. Serjeant, Ionization Constants of Acids and Bases, Methuen, London, 1962. 



184 O~AMU YAMAUCHI. HISASHI TANAKA and To~ozo UNO 

3. 0. Yamaucbi, H. Tanaka and T. Uno, Chem. Pharm. Bull., 1966,14,952. 
4. L. G. Van Uitert and C. G. Haas, J. Am. Chem. Sot., 1953,75,451. 
5. D. Bet&ridge, Q. Fernando and H. Freiser, Anal. Chem., 1963,35,294. 
6. T. Iwamoto, Bull. Chem. Sot. Japan, 1961,34,60X 
7. H. Wada and G. Nakagawa, Nippon Xagaku Zasshi, 1964,85,549. 
8. A. R. Katritzky and A. P. Ambler, in A. R. Katritzky, Ed., Physical Methodr in HeterocycIic 

Chemistry, Vol. II, pp. 232. Academic Press, New York, 1963. 
9. W. J. Geary, G. Nickless and F. H. Pollard, Anal. Chim. Acta, 1962,26, 575. 

10. 0. Yamauchi, H. Tanaka and T. Uno, Chem. Pharm. Bull., 19%7,15,1453. 
11. J. Bjermm, Metal Ammine Formation in Aqueous Solution, Haase, Copenhagen, 1941. 
12. M. Calvin and K. W. Wilson, J. Am. Chem. Sot., 1945,67,2003. 
13. F. J. C. Rossotti and H. S. Rossotti, 27ze Determination ofStubi/ity Constants, McGraw-Hill, 

New York, 1961. 
14. A. Albert, Biochem. J., 1952,50,690. 
15. H. Irving and H. S. Rossotti, J. Chem. Sot., 1953, 3397. 
16. B. Sen, Anal. Chim. Actu, 1962,27, 515. 
17. W. J. Geary, G. Nickless and F. H. Pollard, ibid., 1962, 27, 71. 
18. B. F. Pease and M. B. Williams, Anal. Chem., 1959,31,1044. 
19. A. Corsini, I. M. Yih, Q. Fernando and H. Freiser, ibid., 1962,34,1090. 
20. A. Kawase, Bunsekifigaku, 1964, 13,553. 
21. R. W. Stanley and G. E. Cheney, Tab&z, 1966, 13, 1619. 
22. I. M. Klotz and W. C. L. Ming, J. Am. Chem. Sot., 1953,75,4159. 



Talanta, 1968, Vol. 15. PP. 185 to 188. Pcrrgamon Press. Printed in Northern Ireland 

GRAVIMETRIC DETERMINATION OF CAESIUM 
AND POTASSIUM WITH SODIUM 

TRIPHENYLCYANOBORATE (CAESIGNOST) 

ALICA BAUMAN 
Institute for Medical Research, Yugoslav Academy of Sciences and Arts, 

Zagreb, Yugoslavia 

(Received 21 July 1967. Accepted 20 August 1967) 

Sunuuary-Caesium can be determined gravimetrically with sodium 
triphenyl~o~ate (C~si~ost) as precipitant. The precipitation 
was checked by addition of Is7Cs tracer and ~-s~~me~y. The 
foilowing 

F influence o 
ammeters were studied: temperature, digestion time, 
potassium on the precipitation of caesium, and separation 

of caesium from bulk quantities of potassium. 

SODIUM triphenylcyanoborate is prepared1 by heating sodium-tetraphenylborate with 
sodium cyanide. The reactions of sodium t~phenylcyanoborate (C!aesignost) were 
studied by Havir* with special emphasis on electrometric methods. He succeeded in 
determining caesium qualitatively and quantitatively in small amounts. Under his 
experimental conditions potassium did not precipitate at all. The present investigation 
was undertaken to check the usefulness of Caesignost as a precipitant for caesium and 
potassium individually and for caesium in the presence of large quantities of potassium. 
It was also intended to test its app~~b~ty to radio~he~~l separation. Radioactive 
tracer technique was used to develop the procedure. The procedure of Ravir served 
as a starting point, but larger samples were used. 

EXPERIMENTAL 
Reagents 

Solutions of cae&um and tassium were prepared from CsCi, CsNO1, KC1 and KNOI. 

8” K 

The 
concentration of caesium was etermined 
by pfecipitation as potassium tetraphenyl 

vimetricaity by precipitation as CsBi& and of potassium 
rate. 

Caes:gnost-sodmm triphenylcyanoborate (Hey1 8c Co., Berlin)--was prepared as a 7 % aqueous 
solution. If a turbidity appears, clarification by addition of 1 g of alkali-free aluminium hydroxide 
is recommended. If, during the clarification, the first portions passing through the filter-paper 
(Schleicher & Schuell SS 595) are still turbid, the solution must be refiltered several timea. 

Blanks were run from time to time. All the reagents used were analytical grade. 

I*‘Cs, fxrr = 3Oy, measured ~14 26min Ia?Ba by gamma-wunting at 662 keV with a 4 x 4 in, 
NaI(Ti) crystal and a 256-channel analyser. 

Procedure for caeshn 
A preliminary study was undertaken to determine the appropriate concentration of Caesignost 

and acidity of the solution which would result in quantitative separation of a precipitate with de&able 
physical characteristics. The same procedure was used in ah the comparison tests. The conversion 
factor is 0,331. 

Different amotmts of caesi~ (20-30 mg) were precipitated with caesignost at room temperature. 
The pH of the solution was adJusted to 3, the experimentally found optimum, with hydrochloric or 
nitric acid. A stoichiometric excess of 7% Caestgnost solution was added, with stirring. A white 
precipitate was formed and allowed to stand ovemight. After collection on a porosity 4 sintered 
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Ezs 
filter, the precipitate was washed twice with 1% Caesignost solution and twice with 2 ml of 
water. It was dried for 1 hr at 105”, cooled and weighed. The precipitate is most soluble in 

acetone. The results were evaluated statistically and given in Tables 1 and 2. The results indicate 

TASL~ I.-D ETERMINAnON OF CABSIUM 
IN CXILGRIDE MEDIUM 

Coefficient 
cs cs Standard of 

added, found, * deviation, vaiiation, 
“g mg mg % 

20.0 19.72 I.41 7.1 
30.0 29.70 1.71 5.6 
40.0 39.80 1.95 
JO.0 49~60 1.99 ;:; 

* Mean value of 10 results. 

TABLE II.-DETERMINATION OF CAESIUM 
IN NITRATE MEDIUM 

Coefficient 
cs cs Standard of 

added, found, l deviation variation, 
mg W mg % 

20.0 1960 140 7.1 
30.0 2990 1.73 
40.0 39.75 1.98 ;:; 
50.0 49.80 2.24 4.5 

* Mean value of 10 results. 

little or no difference in the precipitation in chloride and nitrate media. As shown in Tables I and II 
satisfactory results can be obtained with 20-50 mg of caesium, though the relative error is large. 
Larger amounts up to 4OOmg were also determined, with similar results. A difference in the 
precipitation yield due to variations in room temperature was observed. Therefore the next objective 
of investigation was to tind the optimal temperature range for the precipitation. 

TABLE III.--PRECIPITATION OF CAESIUM 
AT DIFFERFiNT TEMPERATURES 

cs cs Standard 
Temperature, taken, found,* deviation 

OC W q W 

15-25 20.0 19.72 *140 
30 20.0 16.40 h3.41 

+ Mean value of 20 results 

The standard deviation of the results obtained at 30” was very large. It is therefore suggested that 
the precipitation should be made at room temperatures not exceeding 25”. 

Caesium was then precipitated at room temperature but the time of digestion was limited to 
30 min. The results are given in Table IV, and are much improved. 

TABLE IV.PRECIPITATION OF CAESIUM 
AFIER 30-MIN DIGESTION 

cs cs 
added, found, 

“g mg 

20.0 19.90 
50.0 49.80 

Standard 
deviation, 

mg 

*0.19 
fO.22 
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Procedure for potassium 

Since Havir’ got no precipitate with limited quantities of potassium, his experiments were repeated 
and extended by precipnating 10-50 mg and 50-1000 mg of potassium under the same conditrons as 
for caesium. In both cases precitation kained incomplete. The results are given in Table V. 

TABLE V.-D~ERIUNA-~~ON 
OF POTAsXUM 

Time of K K 
digestion, added, found, 

kr mg v 

12 JO.0 157 

1z 
136.0 
298.0 

@5 DO nil 

1% 
n$ 

Procedure for c(lcpskm in the presence of potassium 
$0 determine the behaviour of caesium in solution in the presence of various amounts of different 

salts of potassium, a synthetic model with rough resemblance to vegetation or biological material 
was prepared and used throughout the experiment. The composition of the synthetic model was 
NH, = 10 mg; Ca*+ = 140 mg; Cl- = 330 mg; K+ = 200 mg; F@+ = 7 mg; SO,*- = 20 mg; 
Na+ = 130 mg; Mg*+ = 10 mg; PG&*- = 60 mg; in 100 ml of den&era&d water. Each sample 
had 20 mg of caesium added and was spiked with 2 x I@ pCi of lWs. 
out according to the scheme: 

The separation was camed 

100 ml of model solution + 20 mg of Cs-carrier -i- 2CO0 pCi of ra7Cs -i- KC1 

add 10 % NH, solution 

i 
hydroxides precipitated 

+ 
filtrate: Cs, Mg, K, Na, Ca 

1 add Na,CO, 

J- 
carbonates 

precipitated 

4 
lIltrate: Cs, Na, K 

1 

add HCl 

From the y-ray spectrum and weight of the precipitate no contamination with potassium was 
evident. The fInal precipitate was dissolved in acetone and the caesium was reprecipitated, The 
results are presented in Table VI. 

TABLE VI,-PREC~P~~AT~ON OF ~AE.WJM IN THE PREZNCE 
OF LARGE QUANTITIES OF PoTAssrUM 

KC1 Yield, % Potassium 
added, 

g Gamma-spectrometry GravimetriC 
co-precipitated, 

% 

0 98-8 98.3 - 
5 59.6 59.4 - 

10 59.4 59.4 - 

The necessary conditions were obtained by shortening the maximum time of digestion to 30 min, 

B 
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thus avoiding co-precipitation of potassium. It seems that further addition of potassium has no 
influence on the precipitation. 

DISCUSSION 

Caesignost undergoes a decomposition which has not yet been explained. In a 
period varying from a few hours to several weeks the solution may become turbid, 
progressively developing a strong phenolic odor. 

It also appears that the presence of the decomposition products may speed further 
deterioration. As mentioned before, the first portions of filtered reagent are usually 
turbid and must be refiltered several times. By analogy with sodium tetraphenyl- 
borate4 the filtrate was clarified by addition of a trace of a caesium salt. The precip 
itate serves as a carrier for the very fine particles causing the turbidity, and in the 
process the filtrate is saturated with caesium triphenylcyanoborate. A pH higher than 
7 should be avoided. The alumina treatment yields a solution of pH 4-5. The 
precipitation of caesium is complete under the chosen conditions. The gravimetric 
technique was used because of its simplicity and convenience. The coarseness of 
the precipitate was found to depend on the pH of the solution. The precipitation 
of potassium does not occur immediately, even on stirring, as it does in the case of 
caesium, but starts after 1 hr, which is an advantage when separating caesium in the 
same solution. The white precipitate of potassium triphenylcyanoborate is not as 
coarse as that of caesium triphenylcyanoborate. 

The precipitation of caesium in the presence of small amounts of potassium up to 
200 mg is not impeded if the time of digestion is limited to 30 min. Larger quantities 
of potassium (up to 5-O g) do not co-precipitate, but interfere with quantitative 
precipitation of caesium. Addition of ammonia does not interfere with the pre- 
cipitation of caesium. 

Sodium triphenylcyanoborate can be recommended as a precipitant for caesium 
in radiochemical analysis, especially for the separation of ls7Cs in fall-outs in the 
presence of negligible amounts of potassium, and in samples of vegetation and sea- 
wateP where the ratio K: Cs-carrier may exceed 200. 

Zusammenfw-Cum kann gravimetrisch mit Natriumtri- 
phenylcyanoborat (Caesignost) als F%lhmgsmittel bestimmt werden. 
Die F&lhmg wurde durch Zusatz von la7Cs als Tracer und Gamma- 
Spektrometrie geprtift. Folgende Parameter wurden untersucht: 
Temperatur, Absitzzeit, EinfluI3 von Ralium auf die Caesiumf~lhmg 
und Abtrennung von Caesium von grol3en Kaliumtiberschtissen. 

R&sum&-On peut doser le caesium gravimetriquement en utilisant le 
triphenylcyanoborate de sodium (Caesignost) comme agent de pre- 
cipitation. On a contr81e la precipitation par addition de traceur rrrCs 
et par spectrom&rie gamma. On a etudie les parametres suivants: 
temperature, temps de digestion, influence du potassium sur la pr& 
cipitation du caesium, et separation du caesium de quantitb con- 
siderables de potassium. 
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S--A potentiometric and spectrophotometric iuvestigation on 
the formation of aluminium(III) complexes with dlpicolinic (2,6- 
pyridinedicarboxylic) acid at 25” in aqueous O*SM NaClO, medium is 
reported. The values of the cumulative formation constants of the two 
acid species HL- and HtL are log 8% = 4532 f OQO4 and log & = 
6624 f @006. At pH < 4 and in the investigated concentration range 
(0242 < C, < 0.975 mM,3.16 < C, < 5.27 mM), alurninium(III) 
forms two mononuclear complexes, one positively charged, with a 
tietal/ligand molar ratio of l:l, and the other negatively charged, 
with a metal&and molar ratio of 1:2. The two methods of investi- 
gation have yielded the following values for the cumulative formation 
constants: 

log &&, = 4.87 f o-02; log /&,u = 8.32 f 0.02 
log &sp) = 4.85 f @03. 

A precipitate occurs at pH 5-6. A paper electrophoretic investigation 
and comparison with the behaviour of the well-known iron(III) 
complexes, supports these tidings. 

&¶ONG the dicarboxylic acids of pyridine, dipicolinic acid (abbreviated hereafter as 
I-&L) seems to have the best chelating properties because it is terdentate. While the 
formation constants of complexes of several metal ions with this acid are well knowx~,l~ 
we were unable to find any quantitative information about the alu&nium(III)- 
dipicolinic acid system. The present work reports the results of an investigation of 
the various species existing in aqueous solution and of the formation constants of 
these at 25” in a constant ionic medium of 0.534 sodium perchlorate. 

Reagents 

EXPERIMENTAL 

Dipicolinic acid (Flaka). The product was repeatedly recrystallized from water, dried at 115”, 
and ch,ecked py its melting point and spectrophotometric analysis; the dry acid was also checked by 
potentiometrz titration against standard sodium hydroxide under a stream of pure nitrogen and 
appeared to be anhydrous. Therefore concentrated stock solutions were prepared by dissolving 
precisely weighed amounts of the anhydrous acid in suitably distilled water. 

A@nirrium perchlorate, Al(ClO&*SH,O (Rudi Pant). Stock solutions, @01&f, were prepared by 
dissolvmg the salt in water, avoiding any addition of acid, and taking care to use them as quickly as 
possible. They were standardizd by complexometric titration with EDTA’ and gravimetrically 
wth 8-hydroxyquinoline? Both these methods gave the same results to within 0.1”/9. Any free 
acidity was determined by titrating with sodium hydroxide the eluate obtained by $ercolatmg a known 
volume of solution through a cation-exchanger in the hydrogen form.* Withm the experimental 
error of O-1 *A the results did not show the presence of free acid. 

Sodium hydroxide. A O.lM solution was prepared by suitable dilution of a 50% w/w clear solu- 
tion, and was then titrated potentiometrically against potassium hydrogen phthalate under a current 
of puriiied nitrogen. 

Perchloric acid. A O-l&f solution was prepared by diluting pure 70% perchloric acid with distilled 
water and standardizing it with both sodmm carbonate and hydroxide. 
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Sodium per&orate, NaCIO,*HPO. A 5M stock solution was prepared by dissolving the required 
weight of the salt in hot water. cooline. and makine UD to volume. The DH of the deaerated solution 
shobed the absence of any free acid. “The solutioGw& standardized by’hydrogen ion-exchange and 
subsequent titration. 

In the more concentrated solutions of all reagents the absence of iron(m), chloride, sulphate 
and heavy metal ions was established by the most sensitive qualitative tests. 

Apparatus 

Potentiometer. Radiometer PHM 4c valve potentiometer with a Radiometer G202B glass electrode. 
Spectrophotometers. Beckman DU and DK2A with l-cm cells. 

Procedure for potentiometric invest(eation 

The e.m.f. measurements were performed at 25.0 f 0.1” under a current of puritied nitrogen 
passed through 05M sodium perchlorate solution, a Wilhelm cell being used as described by 
Forsling et aLlo 

0 glass electrode 1 test solution 1 reference @ (1) 

The reference half-cell was 

Ag, AgCl 1 @OlM AgClO,, 0.49M NaClO, [ O*SOM NaClO,. 

The silver electrode was prepared as recommended by Brown.” 
In a constant ionic medium the e.m.f. of the electrochemical cell (1) can be expressed, in the acid 

range, by 

E = EAO - 59.16 log [H+]* + EJa (2) 

in which Eao is the formal potential of the cell and EJA the liquid junction potential given byIs 

EJA = JAW+]. 

Similarly, in the alkaline range the e.m.f. (in mV) is: 

E = EB” + 59.16 log [OH-] + EJB 

= EBO + 59.16 log [OH-] + Js[OH-1. 

(3) 

(4) 

Since in the measurements used to calculate the constants of the aluminium(III)-dipicolinic acid 
system, the value 7 for pcx(= -log [H+]) was never exceeded, adequate control of the glass 
electrode in the pen range between 2 and 7 was obtained by a series of measurements with the cell: 

0 glass electrode 1 buffer solution, 0.5M ClO,- I HI, Pt @ (5) 

The e.m.f. of the cell given by (5) has been found to be constant within 0.1 mV, showing that the 
dependence of the e.m.f. of cell (1) on acidity of an acid medium is accurately described by equation 
(2) when the glass electrode is used. 

Before and after each titration EA” and Ja were determined by titrating a perchloric acid solution 
containing 0.5M perchlorate. It was also checked that the .presence of aluminium(III) in the solu- 
tion in the concentration range considered had no inSuence on the value of EJA. 

By using the glass electrode, p(K,), was also determined in the same ionic medium; a value of 
13.73 was found, in agreement with the value reported by Lagestrom.r8 

In all the systems investigated in the present work, equilibrium was considered to be reached 
when two successive measurements yielded the same value of the potential within 0.1 mV; the 
results agreed with those obtained after the solutions had been standing for 2 days. 

Method of calculation 

The following equations can be written for each point of a titration curve of a dibasic acid HIL, 
if complete dissociation of the added hydroxide and of the salts formed is assumed: 

CL = i&L1 + ML-1 + L’-1 (6) 

gives the mass balance for the acid, and 

cb + [H+l = [OH-I + P-IL-1 + 4&*-l (7) 

* Here and later we shall not write the solvation water molecules for all the species considered. 
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is the electroneutrality condition when the added hydroxide is of the type M+OH-. C, and Ca are 
respectively the analytical or total concentrations of the acid and of the added hydroxide. 

The formation function of the acid, fir,, is expressed as 

N--l -I- 2[H,Ll I% WI + 2/3,L [Hfl’ 
iiL= P-‘-l + W-1 i- [H&l = 1 + /%LlH+1 + /MH+1* (8) 

in which &, and /lsr, are the cumulative formation constants of the acid species. From equations 
(6) and (7) the formation function can be expressed in terms of experimentally measurable quantities. 

fi& = 
2cr, - Cb - W+l + [OH-I 

CL (9) 

In the presence of a metal ion bound to the ligand L (and present in a total concentration Cd 
the total concentration of the acid is at each point of the titration curve given by 

C, = [H,L] + [HL-] + [La-] + iic, (10) 

where ii is the formation function of the metal-ligand system. 
As a lirst approximation, we can assume that both mixed complexes with hydrogen or hydroxide 

ions and hydrolytic products of the aluminium ion are negligible in comparison with the species 
Al,L, (the validity of this hypothesis has been checked, uide infa) so that 

2CL - Cb - [H+] + [OH-] = 2[H,L] + D-1. (11) 

From equations (8), (10) and (11) the formation function can be expressed in terms of experimentally 
measurable quantities 

4 
ii=_- 

2C, - cb - [H+l+ W-I-l_ 

G ffLCBl 
(12) 

If the formation constants of the acid are substituted in equation (lo), the concentration of the free 
ligand in solution can be obtained as 

W-1 = (CL - Cd/(l + BILD-I+I + ,%~tH+l'). (13) 

The constants of the acid and of the aluminium(III) complexes are calculated from the curves 
&(log [H+]) and fi(log [L*-I), respectively, by a minimization method” using an IBM 7040 computer, 
starting from equation (8) and from the analogous equation 

B1 [L’-1 + 2/W*-I’ 
ii = I + BJL’-I + B1[L’-]’ (14) 

RESULTS 

The titration curve of dipicolinic acid shows two equivalence points corresponding 
to the formation of the mono- and the disodium salt; in the measured pH range the 
protonated form H,L+ can be considered negligible in comparison with the other 
forms6 If aluminium(II1) perchlorate is present in the acid solution in the con- 
centration range 0.242 Q CM cc 0*975mM, which is less than the acid concentration 
(3.16 < C, 6 5*27mM)* in order to minimize any hydrolysis of the metal ion, 
there is a gradual splitting off of two protons per ion of aluminium(111) (after the fist 
equivalence point of the acid) over the pH range 35-4. If the presence of hydrolytic 
and polynuclear species is negligible (see below), this means that the complexes 
AlL+ and A&- are formed from HL-. At pH > 4 the equilibrium is reached rather 
slowly which suggests that hydrolysis is appreciable. At pH 5-6 a white precipitate is 
observed. 

* The upper limit of this concentration range was chosen in order to avoid an appreciable change 
of the ionic strength of the solution, and the lower one in order to avoid too high experimental errors. 
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Figure I shows the formation faction of dipicohnic acid, the valuesfrom which 
are used to calculate the formation constantg of the acid under the ex~~rnen~ 
conditions, and Fig. 2 shows the fo~ation function of the ~~~(~p~co~c 
acid system. There is an irregular ~s~bntio~ of the calculated values in spite of the 
nofable precision of the experimenti data. This fact, already observed by other~,~~rs 

A 5.27 

0 5.27 

0 3.?6 

Fra. I.-Forrnatioxx ftmction of dipicolinic acid, 
Full awve calculated from the. constants obtaiued in thbi work: fog&, = 4632, 

log @IL = 6a4. 

cati be q~~~tive~y treated for our system by comparing the standard deviation, C, 
of the values before and after computation. For the calculated vahres of A the value 
obtained for G was O-05, and o = 0905 was obtained for measured pea vahres 
referred to a ~~-order po~~o~~ chosen on the basis of the number of the experi- 
mental points. The spread of the calculated points is such that it is not easy to con- 
sider these vahtes as belonging to different curves; therefore, under these conditions, 
it can be assumed that poXyuuclear and hy~o~~c complexes are not present in 
solution in any appreciable amount. 

If we assmne the formation of onIy two complexes AIL+ and A&- and apply 
the graphical method described by Sih6&r7 we find that practkahy all the experi- 
mental points, excluding those corresponding to about A = 2 (pen > 41, fall on the 
same normalized curve, in agreement with the previously mentioned hypothesis. 
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ii . 

IS- 

1.0 - 

-0 
. 

‘L (mMI ‘M 
l 5.27 0.975 

0 527 0.467 

0 3.16 U67 

A 316 o&2 

FIG. 2.-Formation function of aluminium( acid system. 
Full curve obtained from the constants calculated from potcntiome&ic measurements: 

log /I1 = 4.87, log /V, = 8.32. 

TABLE ~.-CUMJLATIVB PoRbUTfON 
CCNSUNTS OF DIpIcoLwC ACID 
ANDOFIl-SCOhfFUX@SwITHAl(III), 
OBT~~DAT~YIN 03M NaClO,. 

log BIL 4.532 f @004 
log /%L 6.624 f 0.006 
log I% 4.87 f 0.02 
log A 8.32 f 0.02 

Therefore, excluding the points above the dotted line in Fig. 2, the cumulative 
formation constants of the complexes ,were calculated by the method above.14 Table I 
gives the cumulative form&on constants of the acid and of the complexes with 
aluminium(111). 

Equation (12) was deduced on the assumption that hydrolytic products of alu- 
minium ions were negligible in comparison with the species AIL,. The hydrolysis 
constant of aluminium(II1) at 25’ ism 

q = ‘[AIoH”l [H+3 Yv l&S mole 1-l 

[AP+] - * - (15) 
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and the formation constant of the complex AIL+ is 

B = WL+l 
1 [@f][L2-] = 1@.s7 ‘. (‘6) 

Division of equation (15) by equation (16) and introduction of the values of [H+] 
and [La-] used in the calculations to give a minimum product gives 

[A’OH2+l = o oo3 

[AIL+] ’ - 

Under such conditions the concentration of the hydrolysis products of the metal ion 
is certainly negligible in relation to the concentration of aluminium bound to L. 
Therefore all the approximations made in solving the equilibria from experimental 
data are admissible. 

Dipicolinic acid shows a characteristic UV spectrum with a maximum at 272 m/l. The spectrum 
is modified by the addition of an aluminium(III) solution, with the formation of two absorption 
bands having maxima at 266 and 274 nyc and with an intermediate minimum at 270 rnp. Figure 3 
shows the absorption spectra at pea 2 and 3-4, of the acid alone and of the acid plus a large excess of 
altium(III) (CrJCu = O-016), taken against a 05%4 perchlorate solution as a blank. These 
spectra are not modified if the solution is heated for 5 min at 80” and then cooled to 25”. Examination 
of these curves reveals the important fact that the complex with aluminium(III) has a lower molar 
absorptivity than the acid, so that it is practically impossible to stud the system with su5icient 
accuracy in an excess of the l&and. This imposes a serious limitation, zeta use it necessitates work 
with an excess of the metal. and therefore a low uH to minim& hvdrolvsis of the aluminium ion. 
Because the potentiometric mvestigation showed ihat complexes foimed *are not very stable, it was 
necessary to operate at as high a pH as possible, whilst ensuring a minimum concentration both of 
the tmdissociated lieand and of the metal ion hvdrolvsis nroducts. DC~ 3-O was chosen because at this 
value, according to’ our own potentiometric’work arid also o&r workersr7 the concentration of 
hydroxo-compl~xes is negligible with respect to the other forms of aluminium(III). 

Firmre 4 shows a differential snectrum of didcolinic acid recorded at u~r 3-O aeainst a solution of 
acid hyving the same concentraiion but cont’aining a large excess of %&niu&II). While the 
maximum of AA at 262 rnp gives values too low to be used for quantitative purposes, the ones at 
270 and 280 nm can be used. 

Because at pen 3.0 and in the concentration range of ahuninium(III) and of total ligand examined 
the ratio of the AA values at the characteristic wavelengths remains constant with varying C&n, 
it can be assumed that only one complex is of importance. 

Job’s method of equimolar solution@ was applied to obtain some indications about the composi- 
tion of the complex in solution at pcE 3.0. The results are shown in Fig. 5, the maximum at 0.5 
molar fraction showing that a complex Al,L, with m = n is predominant. 

The “straight-line” methodp0-a8 was used to establish the presence or absence of a mononuclear 
complex. The results used are given in Table II, in which the absorbance values are the means of 
three measurements which agreed within 1%. By the mod&d method of calculation adopted in 
our Institute,88 the value m = 1 can be obtained, and since m = n as explained above, a 1: 1 metal: 
ligand molar ratio can be deduced for the complex. In this case the calculation of the conditional 
formation constant,*4 gives a mean value of (1.8 f 0.1) x l(r 1. mole-l. 

As explained above, it is impossible to detect the presence of the 1: 2 complex spectrophoto- 
metrically. 

DISCUSSION 

In the examined range of concentrations and at pH < 4, aluminium(III) gives two 
mononuclear complexes with dipicolinic acid, with metal: ligand molar ratios of 1: 1 
(AIL+) and 1:2 (AlL,-). 

The formation constants obtained by spectrophotometry and potentiometry can 
be compared by converting the conditional formation constant (/Ii’) determined at 
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240 260 280 

hhp) 

240 260 280 300 

X(~J..I, 

FIG. 3.-Absorption spectra of the aluminium(III)dipicohnic acid system at 25°C in 
05M NaClO, (l-cm cells). 

Curve o: acid alone, CL = 8 x lo-*M. 
Curve b: acid plus aluminium(III); Cr, = 8 x lO+M, Cn = 5 x lo-*M. 

Reference: 05M NaClO,. 

TABLEII.-DATA USED TO CALCULATE /II BY THE “STRAIGHT-LINE" 

METHOD"" 

1.00 x lo-*M metal added, 
ml A, 270 mp A, 280 rnp 

GO 0.482 0552 0475 0.352 
2.00 O+lO 0.280 
400 o-395 0.195 
8.00 0.358 0.127 

16.00 0.330 0.075 

CL = 8.00 x lO+M, total volume 5Oml; temperature 25”; 05M 
NaClO, medium. 

AA - 

0.400- 

0.000 ' ' n ' ' ' I 
260 270 280 290 300 

AtmY) 

FIG. 4.-Absorption spectrum of dipicolinic acid (CL = 8 x 10-&M) recorded a@st 
a solution of acid plus aluminium(III). 

(CL = 8 X 10-&M, Cn = 5 x 10eaM) in O.SMNaCIO, 
T = 25”C, pen = 3.0, l-cm cells. 
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0.5 10 

CA//Cc,++ CL) 

FIG. %-Job% method of equimolar solutions. 
C, -I- C, = 2.4 x 10-W, T = 25”C, pcH = 3.0, 

O%f NaCIO,, l-cm cells. 

PcH = 3.0 iIlt0 th e f ormation constant (83 by means of the protolytic side-reaction 
coefficient.% The formation constant is related to the conditional one by the expression 

I% = 8’ * fwdcb- (17) 
In this case 

aA = 1 + f&/W+1 
cr, = 1 + AL WI + AL P-W 

aAlL = 1 (deduced from the potentiometric results) 

BL and BaL are the formation constants of the acid, and Ki is the hydrolysis constant 
of the metal ion. At pc, 3.0, aAr = l-01, r* and an = 39.3 are obtained. The intro- 
duction of numerical values into equation (17) gives 

/I, = (7.1 & 0.4) x l@ 1. mole-l 

log /?, = 4.85 f 0.03 

in good agreement with the potentiometric results. 
Figure 6 shows the distribution curve referring to the two complexes we found to 

Fro. C.-Distribution diagram for aluminium(III)-dipicolinic acid complexes, using 
the constants calculated from potentiometric measurements 

(log PI = 4.87, log /IS = 8.32). 
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be formed under our conditions between aluminium(II1) and dipicolinic acid. At 
pcu 3.0, for a total acid concentration of about lo-4 M, as used for the spectro- 
photometric measurements, the free ligand concentration (Cr,/ar,) is 2 lO+ il4, and 

III.-PAPER ELE~~ROPHORESIS OF AI(IH) AND Fe(III) IN O.lM NaNOI (+HNOJ AND 
O*lMNaNO, + 10-%f H,L (+HNO, OR NaOH) SOLUTIONS 

PH 
Distance run by Al(III), mm Distance run by Fe(III), mm 

NaNOI NaNO, + HIL NaNO, NaNO, + H,L 

2 +52 +28 +45 -15 
3 -i-46 +6 0 -18 
4 +50 -10 0 -18 
5 $51 -10 0 -17 

Voltage 100 V d.c.; temperature 25’; 
30 X 2 cm; + = cation; - = anion. 

time 2 hr; Schleicher and Schtlll paper 2043b, 

place at pH values as low as ~2. Cationic species are seen to predominate up to 
pH 3, and anionic species at pH 4. In the considered pH range iron(II1) forms an 
anionic complex, in agreement with the results obtained by Anderegg.P It can be 
concluded that by using dipicolinic acid as the complexing agent, iron(II1) and 
aluminium(111) can be successfully separated by paper elcctrophoresis and probably 
also by ion-exchange, providing that the working pH is maintained between 2 and 3. 

A&r&e&emx&-The author wishes to express his gratitude to Prof. G. De Angelis for his 
interest and helpful discussions. The work was carried out with aid from CNB. 

Zusammeafassung-Eine potentiometrische und spektrophotometrische 
Untersuchung der Bildung von Aluminium(III)-Komplexen mit 
Dipicoiinsiiure (Pyridin-2,6dicarbonsfuue) bei 25” in wiiDrigem 
0,s M Na+/CiO,--Medium wird mitgeteilt. Die Werte der kumulativen 
Bildungskonstanten der beiden Saurespexies HL- und H,L sind 
log /I1 = 4,532 f 0,004 und log /Jo = 6,624 f 0,006. Bei pH 4 und im 
untersuchten Konxentrationsbereich (0,242 < cu < 0,975 mM, 3.16 < 
cr, < 5,27 mM) bildet Aluminium(III) zwei einkernige Komplexe, von 
denen der eine positiv geladen mit einem Metall-L&and-Verhitnis 
1: 1 ist, der andere negativ geladen mit dem Verhiutnis 1:2. Die beiden 
Untersuchupgsmethoden lieferten fur die kumulativen Bildungs- 
konstanten folgende Werte : 

log &pot) = 4,87 f 0,02 log B ,,r,ot, = 8,32 f 0,02. 
log Br,sr, = 4,85 f 0,03 

Bei pH 5-6 f%llt ein Niederschlag aus. Eine papierelektrophoretische 
Untersuchung und Vergleich mit dem Verhalten der wohlbekannten 
Eisen(III)-Komplexe untermauert diese Feststellungen. 
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R6snm&-Gn d&it une recherche potentiomttrique et spectrophoto- 
m&ique sur la formation de complexes de I’aluminium(II1) avec 
l’acide dipicolinique (2,6-pyridinedicarboxylique) a 25” en milieu 
0,5M Na+ClO,-. Les valeurs des constantes de formation cumulatives 
des deux espkes acides HL- et H,L sont: log /$ = 4,532 f 0,004 
et log /?a = 6,624 f 0,006. A pH 4 et dam le domaine de concentra- 
tion 6tudi6 (0,242 < Cn < 0,975 mM, 3,16 < C, < 5,27 mkf), 
l’aIuminium(111) forme deux complexes mononuckhes, l’un charge 
positivement avec un rapport molaire m&al/l&and de 1: 1 et l’autre 
chat@ negativement, avec un rapport molaire m&al/ligand de 1:2. 
Les deux methodes d’6tude ont don& les vaieurs suivantes pour les 
constantes de formation cumulatives: 

log /&Ou = 487 f 0,02; log &ou = 8,32 f 0,02 

log &.s) = 4,85 & 0,03 

Un prtcipitd se forme a pH 5-6. Une etude par &ctrophor&se sur 
papier et une comparaison avec les comportement des complexes bien 
connus du fer(II1) viennent a I’appui de ces resultats. 
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SPECTROSCOPY IN SEPARATED FLAMES-II 

THE USE OF THE SEPARATED AIR-ACETYLENE FLAME IN 

LONG PATH ATOMIC ABSORPTION SPECTROSCOPY 
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Summary-The application of a separated air-acetylene flame to the 
determination of several elements by long-path atomic-absorption 
spectroscopy is described. The factors which govern the stability and 
reproducibility of the separated flame have been investigated. High 
sensitivity and stability and low background absorption are obtained 
in the the determination of zinc, iron, copper, mercury, magnesium 
and silver by the method described. 

THE use of the separated air-acetylene flame in thermal emission spectroscopy, for 
which it has the advantages of very low background emission and high stability, 
has already been described .l As part of a study of the general utility of separated 
flames in analytical flame spectroscopy we became interested in the possible use of the 
separated air-acetylene flame in atomic-absorption spectrophotometry. Our initial 
investigation made use of the same burner arrangement as that described for emission 
spectroscopy. The determination of iron by atomic-absorption spectrophotometry 
with this system was found, as expected, to be relatively insensitive owing to the short 
path length. The results, however, revealed that the absorbance due to iron decreased 
much less rapidly along the vertical axes of the separated flame than of the unseparated 
flame. This is probably due to the maintenance of a more reducing atmosphere of 
uncombusted carbon monoxide and hydrogen higher in the separated than in an 
unseparated premixed tIame. The background absorption from the flame gases was 
also lower between 2600 and 3250 A where strong OH absorption is encountered in 
normal flames. We decided from these results that the separated flame might have 
several advantages in atomic-absorption spectroscopy, provided that a sufficiently 
long path-length through the flame could be obtained. This paper describes apparatus 
constructed to obtain a long absorption path-length in the separated air-acetylene 
flame, and the results obtained with it for the determination of zinc, mercury, copper, 
silver, magnesium and iron. 

Apparatus 
EXPERIMENTAL 

Techtron AA4 atomic-absorption spectrophotometer and SRL Sargent recorder. Brass hollow- 
cathode Iamp (Hilger & Watts) for zinc and copper and high-intensity hollow-cathode lamps for 
iron and silver (Atomic Spectral Lamps Pty. Ltd.). Standard hollow-cathode lamp for magnesium. 
A mercury electrodeless discharge tube similar to those previously described* was used for the 
defermination of mercury. This tube was constructed of clear quartz tubing (8 mm i.d., 95 mm long). 
Tnply disttlled mercury (0.4 gl was placed in the tube, and the tube was sealed at an argon f%ller-gas 
pressure of 0.04 mm Hg. The tube ends were contained in a small electrically heated oven. This 
serves to warm the. tube before the discharge is initiated and to stabilize the tube temperature during 
subsequent operation of the source. The cavity was cooled with air supplied from a small com- 
pressor. Excitation was obtained at 2450 MC/S from a microwave generator (Electromedical Supplies 
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Ltd., Microtron 200) fitted with a 214L cavity. The tube was operated at a setting corresponding 
to a power of 10 W. Twenty min were required for the tube output intensity to become stable 
within f2%/hr, and no serious deterioration in performance was observed after 60 hr. 

Long-path separated jibme. The apparatus constructed is shown in Fig. 1. A Unicam air- 
acetylene emission burner head was attached to the Pyrex tlame separator head with an asbestos 
sealing ring. The Pyrex separator head consists of a tube of diameter 21 mm and length 110 mm. 
A sidearm of 15mm dia. tubing was sealed to this head 57 mm above the base as shown. A B14 
ground-glass cone was joined optically in line with the side-arm on the opposite side of the head. 
A silica window (15 mm dia.) attached to a B14 ground-glass socket was fitted to the cone to provide a 
transparent window. In order to increase the flexibility of the system, a third side-arm (6 mm i.d.) 
was incorporated into the separator head in line with the B14 cone but 15 mm above it. Hydrogen 

8---f- 

disc 

FIO. L-Diagram of long-path burner. 

is supplied through this sidearm to stabilize the separated flame when fuel-lean mixtures are used. 
As shown in Fig. 1, the side-arm was joined to a translucent silica tube (12 mm i.d., length 270 mm) 
via an asbestos gasket and Pyrex glass sleeve. A similar asbestos seal and Pyrex sleeve were used to 
attach a Pyrex tube (15 mm i.d., length 50 mm) to the opposite end of the long silica tube. Aground- 
glass cone on this tube supports a B19 ground-glass socket to which is fitted a fused silica window 
(19 mm dia.). The Pyrex exhaust tube shown in Fig. 1 was fitted 20 mm from the end of the long 
silica tube. This exhaust tube was attached to the extraction duct of the exhaust hood of the apparatus 
in order to draw the flame gases through the system. 

A micro-analytical furnace, 25-cm long, with a high temperature winding (Ralthin) operated 
from a Variac transformer was placed round the quartz tube to provide auxiliary heating to 1100”. 
A platinum-iridium thermocouple was placed at the centre of the furnace beside the silica tube to 
monitor the temperature. The burner head was attached to the Techtron indirect nebulixer via a 
copper adaptor. Aspiration uia thii nebulixer was by air, pressure 15 lb/ins, and both air and acetylene 
were supplied from the Techtron gas control unit. 

Reagents 
Analytical reagent grade materials were used throughout. Metal ion solutions were prepared by 

dilution of 1000 ppm solutions of their simple salts. 

Flame characteristics 
RESULTS AND DISCUSSION 

Stable separated flames are obtained over a range of air and acetylene mixture 
strengths comparable to those reported for the stability limits of the simple separated 
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caused by expansion is outweighed at higher temperatures by the more efficient 
maintenance of the atom population. 

The furnace serves to maintain high temperatures throughout the length of the 
silica tube, but does not radically alter the absorbance gradient which exists in the 
tube without the furnace in operation. Use of the furnace, however, does allow 
selection of the optimum conditions for maximum sensitivity for different elements. 

,3 

fn 
2139 8 

2 

0 I 

0.3 
04 
0.5 

I 
Fe Mq 

2483 ?I 2852 a 

cu 

32478 
Hg 

2537 a 

0.3 

0.1 - Xd 
0.7 

0 I I I 
05 l-0 15 ON5 

Acetylene, I/min 

FIG. 3.-Effect of acetylene flow-rate (l/min) on absorbance at different hydrogen 
flow-rates (@nin). 

EJect of fuel flow-rate 

The effect of acetylene fiow-rate on the absorbance produced by the elements 
investigated was studied under the optimum furnace temperature conditions. The 
air supplied r&z the nebulizer was maintained at a constant pressure of 15 lb/h?, and 
the effect of acetylene flow-rate on absorbance was studied at different auxiliary 
hydrogen flow-rates. The results obtained are shown in Fig. 3. These show that 
there is an optimum acetylene flow-rate for each element, and that at high auxiliary 
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hydrogen flow-rates a dilution of the side-arm gases by hydrogen occurs. The minimum 

acetylene flow-rate, beyond which it is not possible to maintain a separated flame 
without an auxiliary supply of hydrogen, is 1.2 l/mm. 

Sensitivity and precision. Figure 4 shows the absorbance growth curves under 
conditions for the elements examined. As expected, it is the more volatile elements 

o,6 _ zn 2139 a 
Mu 2852 a Ag 3281 a 

0.5 - 

Hg 25378 

Concentration. PPm 

FIO. 4.-Analytical absorbance curves for elements investigated. 

TABLE I.-SENSITMTES OF LONG-PATH METHODS 

Absorbance/cm/&min for sample entering flame 

Element 

Ag 3281 A 
cu 3241 lg 
Fe 2483 A 

Hg 2537 A 

z%%Y 

This work 

0.011 
0.004 
oQ01.5 
0.05 
0.02 
0.07 

Fuwa and 
ViXll& 

(line source) 

- 

0.004 
- 

Ozx 
0.05 

Ramakrishna, 
Robinson and 

West6 
(flame adaptor) 

Oiii 
- 
- 
- 

0.036 

which show the greatest increase in sensitivity with this apparatus over the sensitivity 
obtained in a normal flame. The absolute sensitivities are considerably better than 
those obtained with commercially available atomic-absorption burners. Table I shows 
a comparison of the absolute sensitivities obtained for the elements examined with our 
apparatus with those obtained by other workers. Fuwa and ValleeS and Koirtyohann 
et aZ.4*6 have utilized 91 and 40-cm Vycor tubes respectively. Ramakrishna et al6 
have described a 15-cm T-piece adaptor, and McGee and Winefordner’ have used a 
12-m flame cell and a continuum source of radiation. The flames which these workers 
have examined .are oxy-hydrogen,4-6 
air.’ 

air-hydrogen3 and argon-hydrogen+ntrained 
Each of the long-path systems previously reported has utilized total-consumption 
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atomizer-burners which produce turbulent flames. It is our experience that in such 
flames, when acetylene is used as fuel, poor precision arises from high background 
absorbance and the deposition of carbon on windows and lenses. The results shown 
reveal that the sensitivities we obtain compare favourably with those obtained in the 
extended path systems previously reported. The high atomization efficiency probably 
results from the increased residence time of the atoms in the system and the absence 
of the secondary oxidizing mantle of the normal premixed flame. 

The background absorption of the flame plasma in the separated flame is much 
lower than in a conventional flame, particularly between cu. 2800 and 3300 A where 
strong absorption from the OH radical would normally be exhibited. The most 
intense heads of the ultraviolet bands of OH occur at 2811 A (1,O) and 3064 A (0,O). 
This lower background absorption results in higher sensitivity, particularly for silver 
(3281 A), magnesium (2852 A) and copper (3247 A). A similar explanation based 
on the low background of the argon-hydrogen-entrained air flame has been proposed 
by Winefordner and McGee’ to explain in part the high sensitivities obtained by them 
with this flame. Owing to the low background absorption and the very high stability 
of our arrangement utilizing the separated flame, we have been able to obtain high 
reproducibility for the determination of the elements examined. The precision of the 
determinations was established by measurement of a solution of each element nine 
times. The concentration of each element was chosen to produce an absorbance in 
the middle of the working range of its calibration curve (i.e., ca O-2 absorbance unit). 
The relative standard deviations in the absorbances produced were magnesium 0.8 %, 
zinc O-7%, copper O-7 %, mercury 2*7x, silver 0.5% and iron 0.6%. The relatively 
poor precision for mercury is not due to instability of the electrodeless discharge 
source used, and may be accounted for by the specific observations on the determin- 
ation of mercury described below. 

E$ect of common anions 

The determination by atomic-absorption spectroscopy of the elements investigated 
with our apparatus is free, as expected, from interference by a wide range of cations. 
No interference is experienced from the presence of 100 to lOOO-fold excesses by weight 
of the anions sulphate, nitrate, chloride and acetate. The presence of very large 
excesses (104- or 106-fold by weight) of these ions, however, may cause serious inter- 
ference for some elements. Table II shows the effect of high concentrations of mineral 
acids on the absorbance produced by the elements investigated. Provided that the 
matrix composition is known approximately when a trace constituent is to be deter- 
mined, it is a relatively simple matter to correct for the anionic interference by 
preparation of blank solutions and sample solutions of approximately the same 
composition. 

Determination of mercury 

The calibration curve for mercury shown in Fig. 4 was obtained by using a dilute 
mercury(H) nitrate solution. The sensitivity. is four times as great for mercury(I) 
as for mercury(H). This is not a property specific to our experimental arrangement 
and has also been observed in normal unseparated premixed flames.8*Q Preliminary 
studies to investigate this effect have revealed that the addition of excess of tin(H) 
chloride or ascorbic acid to mercury solutions before aspiration produces as much as 
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a Xl-fold increase in absorbance, i.e., a further 5-fold enhancement of the sensitivity. 
It seems probable that the atomization efficiency in the flame is improved by presen- 
tation of the mercury as the colloidal reduced element in this way. The increases in 
sensitivity obtained in the presence of reductants are reproducible, although the 
reduced mercury solutions are not stable for more than 10 min. If reductants are 
added to increase sensitivity, a rigid schedule between addition of the reducing agent 
and measurement must, therefore, be adhered to. 

TABLE IL-EFFECT OF HIGH CONCENTRAlTONS OF ACIDS ON ABSORBANCE 

Absorbances 

for: 

Cu Ag Hg Mg Zn Fe 

2 PPm 0.6 ppm 5 PPm 05 ppm 0.15 ppm 4 ppm 

Distilled 
water 

10% H,SO, 
10 % CH,COOH 
10% HNoo 
10% HCl 

0.190 0.145 0.215 @24 0.25 013 

0.01 O*lOO 0.194 0.22 0.15 0.06 
0.190 0.163 0.38 0.29 025 0.12 
0.155 0.143 0.13 0.25 0.22 0.06 
0.174 0.165 0.108 0.25 0.19 0.11 

CONCLUSIONS 

Other workers3*4,7 have already demonstrated the utility of long-path flame cells 
in atomic-absorption spectroscopy for the determination of a range of elements. 
The apparatus we have developed, based on the separated air-acetylene flame, has 
several other advantages as well as that of the high sensitivity shown by long-path 
cells previously described. The use of a premixed flame and indirect nebulizer results 
in high precision and flame stability. It is our experience that although absolute 
sensitivity is lower with this nebulizer system than with a total-consumption atomizer- 
burner, the presence of large droplets of solution in the turbulent flame from the 
latter burner leads to higher background and noise levels. The use of a premixed 
flame into which a fine mist is introduced may also explain why we have found less 
serious anion interference with our apparatus than that reported for the turbulent 
burner system.6 The use of the separated-flame premixed burner system also makes 
possible the use of air-hydrocarbon flames in the long tube without significant loss of 
signal or sooting-up, and facilitates the maintenance of a reducing atmosphere in 
the tube. It is also our opinion that the gas flow in the long tube is more laminar in 
nature than the flow obtainable from a burner producing a turbulent flame which 
entrains some air. The flow pattern in the tube undoubtedly has a pronounced effect 
on the sensitivity, precision and noise levels obtained. 

Acknowledgement-We are grateful to Murex Ltd. (Rainham, Essex) for the provision of equipment, 
and for granting study leave to one of us (D. N. H.). 

Zusannnenfassnnt-Die Verwendung einer aufgetrennten Luft- 
Acetylen-Flamme zur Bestimmung mehrerer Elemente durch Atom- 
absorptionsspektrometrie bei griiBer opt&her Weghlnge wird 
beschrieben. Die Stabilitat und Reproduxierbarkeit der aufgetrennten 
Fl&nme beciiussenden Faktoren wurden untersucht. Bei der 
Bestimmung von Zink, Eisen, Kupfer, Quecksilber, Magnesium und 
Silber mit der beschriebenen Methode erzielt man hohe Emplindlichkeit 
und Stabilitat sowie niedrige Untergrundabsorption. 
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RCsu&-On d&it l’application d’une flamme sCparee air-acetylene 
au dosage de plusieurs Uments par spectroscopic d’absorption 
atomique a longue marche. On a Btudi6 les facteurs gouvemant la 
stabilit6 et la reproductibilit6 de la flamme &par& Par la m&hode 
d&rite, on obtient de hautes sensibilitt et stabilite, et une faible absorp- 
tion de fond dam les dosages des zinc, fer, cuivre, mercure, magn6sium 
et argent. 
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ESTIMATION OF MINIMUM DETECTABLE SAMPLE 
CONCENTRATIONS OBTAINED WITH NEAR AND 
MIDDLE INFRARED DETECTORS FOR INFRARED 

ABSORPTION SPECTROPHOTOMETRY 

J. D. WINEFORDNER, J. J. CETORELLI and W. J. MCCARTHY~ 
Department of Chemistry, University of Florida, Gainesville, Florida 32601, U.S.A. 

(Received 19 June 1967. Accepted 12 August 1967) 

Suruma~-An expression is given to allow estimation of the minimum 
detectable sample concentration of a molecular absorber measured by 
any infrared spectrophotometer using photon or thermal detectors. 
Typical plots are given of miniium detectablesampleconcentrationvs. 
wavelength for a hypothetical absorber with a molar absorptivity of 
unity and for several different photon and thermal detectors. Such 
plots, used along with the general expression, are useful for selecting 
the optimum detector for a given infrared measurement and for 
estimation of the minimum detectable sample concentration measured 
by a specihc spectrometric system. 

THE minimum detectable sample concentration C,, in absorption spectrophotom- 
etry is normally defined as that concentration resulting in a fixed minimal detectable 
absorbance, Amin namely 

C 
A min 

m¶ 
SW. 

id 
where aA is the molar absorptivity at the wavelength of measurement, A, and b is the 
sample cell thickness in the direction of the incident radiation. The value of Amin is 
normally taken to be about 0402 for ultraviolet or visible absorption spectrophotom- 
etry of substances in the condensed phase when a photomultiplier detector is used, 
and to be about 0.02 for infrared absorption spectrophotometry for substances in the 
condensed phase, when infrared detection devices are used. 

In many instances,1 experimental conditions may be such that the minimum 
detectable sample concentration in absorption spectrophotometry is limited by the 
signal-to-noise ratio, and in this case, the minimum detectable sample concentration, 
Cm*, is defined2 as that concentration resulting in a signal-to-noise ratio, (V, - Vs)/ 
V,, given by 

63 - v, tz/2 =- 
VN l/n 

(2) 

where V, is the detection signal, in V, due to radiation from the light source passing 
through the blank solution and falling on the detector surface, V, is similarly defined 
for radiation which has barely been attenuated by passing through the sample solution 

7 Present address: Department of Chemistry, West Virginia University, Morgantown, West 
Virginia, U.S.A. 
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containing the minimum detectable sample concentration, VN is the total root-mean- 
square noise signal, in V, due to all sources of noise, and t is the “Student” t which is 
found in statistical tables for a given confidence level, e.g., 995 %, and a given number 
of degrees of freedom, i.e., h-2, where n is the number of pairs of sample and blank 
measurements. If II equals 6 at a 99.5 % confidence level, t1/2/l/n is approx 2-O (a 
commonly used value of (V, - V,>/V, at the minimum detectable sample concentra- 
tion). This latter method of determining C,, is valid if random and systematic errors 
such as sampling errors (including fingerprints, dust, blemishes, etc., on the cell 
surface, and unknown absorbing impurities in the solution), cell-positioning errors 
from sample to sample, errors due to variation in cell path-length from sample to 
sample, and erratic photodetector behaviour (including fatigue) are absent, mini- 
mized, or accounted for. If such errors are present, the analyst may obtain a more 
reliable value of the minimum detectable sample concentration if a reliable estimate of 
Amin is chosen, and equation (1) is used. Unfortunately, a reliable estimate of Amin 
depends on the kind of substance measured and on the type and state of each instru- 
mental component used in the absorption spectrophotometer, as well as on the 
combination of instrumental components, and therefore it is difficult to estimate a 
value of Amrn without resorting to experimental measurements of signal-to-noise 
ratios at various sample concentrations. Therefore equation (2) is more useful in 
estimating minimum detectable sample concentrations prior to any experimental 
work. Perhaps the most significant aspect of this approach is in determining the 
applicability of infra-red spectrophotometry to qualitative identication of certain 
infrared bands of molecules in various systems. For example, it may be found that 
for minimum detectability of a given infrared vibration, an inordinately large amount 
of sample is needed for the instrumental system used. 

A parameter (sometimes called figure of merit) important to the study of thermal 
detectors,34 e.g., bolometer, thermocouple, thermopile, Golay, is the detectivity, D*, 
in cm W-1sec-1/2. A parameter important to the study of photon detectors,8+ e.g., 
photoemissive, photoconductivity, photovoltaic, and photoelectromagnetic detectors 
is the spectral detectivity, DA*, in cm W-i set -li2. Values of the detectivity and spectral 
detectivity are often cited in manufacturers’ literature along with other detector 
specifications. The parameters D* or On* (see Appendix for discussion of the inter- 
relationship between DA* and y, the photoanodic sensitivity) is defined by 

(3) 

where PN is the noise equivalent power of a detector, in W sec-l12, and is also a figure 
of merit, P is the root-mean-square (r.m.s.) value of the incident power, in W, AD is 
the area of the detector surface illuminated by radiation, in cm2, and V/V, is the 
ratio of the r.m.s. signal voltage due to radiation striking the detector, to the r.m.s. 
noise voltage (if a d.c. voltage is being measured, V is then the d.c. voltage; otherwise 
V is l/22/2 of the peak value of the voltage signal). In equation (3) it has been impli- 
citly assumed that Afis chosen sufiiciently small for the noise voltage per cycle within 
Af to be independent of fo, the chopping frequency. The major source of noise in 
photon infrared detectors is usually noise due to the detector itself whereas in thermal 
infrared detectors the major sources of noise are the detector and photon sources. 
Other noises such as amplifier-readout noise are generally negligible. 
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Another figure of merit of infrared detectors is the responsivity, R,(VW-l), 
which is defined by 

Rn = V/P. (4) 

The responsivity can also be written in terms of the r.m.s. noise voltage, V,, by use 
of equations (3) and (4): 

& = Vi&*lz/(A~~. (5) 

At the minimum detectable sample concentration,l Cmt, the detector must distin- 
guish between the r.m.s. power of radiation transmitted by the blank, PB, and that 
transmitted by the sample, Ps, and so 

(VB - v,) = &(PB -pd (6) 

and therefore 

vB - vt3 h’2 (PB - P&‘A* 
Z-E 

vN +J d4-4, ’ 
The minimum detectable power change is therefore 

(PB - Ps) = ‘$@*y . 
A 

(7) 

(8) 

The r.m.s. power change, (PB - Ps), in W, due to the sample absorber only, is given’ 

bY 
tpB - Ps) = k,WslOT_[l - exp (-2.3~ by)], 

and if C is Cmt, then 

cpB - Ps) = 2*3k,ws~TB&AbC,,,t, (10) 

where W is the monochromator slitwidth, in cm (assuming entrance and exit slits 
have equal widths and heights), s is the spectral bandwidth, in rnp, of the radiation 
passing out of the exit slit (s -_% W, where R, is the reciprocal linear dispersion of the 
monochromator, in m,u/cm), IO is the source intensity in Wcm-2 sterl m@, TB is 
the transmittance of the solvent-blank solution, .Q is the molar absorptivity of the 
absorber, b is the cell width of the absorbing medium, in cm, and k, is the mono- 
chromator factor which is given by 

k ,,, = Ht,Q, (11) 
where His the height of the monochromator slit, tp is the transmittance of all optical 
components, and Q is the solid angle of radiation, in steradians, collected from the 
source by the monochromator. 

Solving the above expressions, for C,,,, results in 

(12) 

DISCUSSION 

Plots of DA* vs. wavelength and other characteristics for a number of infrared 
detectors at several temperatures are given by Kruse et aL8 If accurate values are 
known for IO for the infrared source, for k,, Wand s for the monochromator, for b 
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and TB for the sample cell width and blank transmittance, for A, and DA* for the 
infrared detector, and for Affor the amplifier-readout system, then it is possible to 
obtain good estimates of the theoretical minimum detectable sample concentration, 
in mole. l-i, of any species of which the molar absorptivity at the wavelength of 

lo-‘1 e 
Wavelength, p 

FIO. l.-Plots of C,,,, [calculated from equation (l), assuming Aai, = 002 and 
b = @Ol cm] and C.‘,,,, [calculated from equation (12), assuming n = 6 and td2/dn 
for 995% confidence level is 2*0), for an infrared absorber (8~ = 1.0 at all wavelengths) 

and a typical infrared spectrometer. 
The parameters used to obtain f.& were: Af = 1 Hz; b = 0.01 cm; k,,, = 

25 x 10-a cm ster; W = 0.01 cm; s = 0.01 p; TB = O-5; AD = 0.04 cm*; I0 for a 
Nemst glower at a temperature. of 1400°K and an emissivity of @8 at all wavelengths 
between 1 and 10 ,u was calculated from Planck’s equation to be O-161, 0.875, O-659, 
0.386,0*224,0.135, @0851,0~0558,0~0340, and 0.0266 w cm-* ster-l ,u-‘at 1,2,3,4,5, 
6,7,8,9, and 10 ,u respectively. The Da* values for an InSb photoconductivity detector 
at (A) 295”K, (B) 195”K, and (C) 77°K and the D* values for a thermocouple at (D) 

295°K were taken from ref. 3. 

measurement is known. In Fig. 1, a spectral comparison is given of the theoretical 
minimum detectable sample concentration [calculated from equation (12)], and the 
practical minimum detectable sample concentration, C,,,, [calculated from equation 
(l)] for a hypothetical infrared absorber (assuming .Q is 1-O 1. mole&cm-l at all 
wavelengths) measured by means of a typical infrared spectrometer with typical 
photon-type detectors (an InSb photoconductivity detector at 295”, 195” and 77’K) 
and a typical thermal-type detector (a radiation thermocouple at 295°K). The shapes 
of the C,,,, curves in Fig. 1 are determined predominantly by the spectral detectivity, 
Da*, and to a lesser extent by the variation in source intensity, IO for the photon-type 
detector, and are determined completely by the source intensity for the thermal-type 
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detector (D* is constant at all wavelengths). It has been assumed in performing the 
calculations for Fig. 1 that the slit-width, the spectral bandwidth and the transmittance 
of the monochromator system remain constant (at the values specified in the caption) 
for all wavelengths. It is well-known that certain infrared detectors are best suited to 
give low limits of detection and sharp spectra only over a limited wavelength range. 
By use of plots similar to those given in Fig. 1 the optimum detector for a given study 
can be chosen. It should also be noted that the minimum detectable sample concentra- 
tion can be easily estimated from the general plots such as those in Fig. 1 by dividing 
the value of the concentration at the proper wavelength by the molar absorptivity for 
the species concerned. It is further apparent from a comparison of the C,,,, and C,, 
plots in Fig. 1 that the value of C,, can only be considered a rough estimate of the 
minimum detectable sample concentration. If more accurate estimates of the mini- 
mum detectable sample concentration are required, or if an infrared instrument has 
characteristics differing from those used in Fig. 1, then equation (12) must be used, 
assuming of course, that reasonably correct values of the requisite parameters are 
known. 

Acknowledgement-This work was carried out as part of a study on the phosphorimetric analysis of 
drugs in blood and urine, supported by the U.S. Public Health Service (GM-11373-04). 
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3. 
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Z: 

Zusammenfassung-Es wird ein Ausdruck angegeben, der die Berech- 
mmg der geringsten nachweisbaren Probenkonrentration fur ein 
absorbierendes Molekiil gestattet, bei Messung an einem beliebigen 
Infrarot-Spektrophotometer mit thermischem oder opt&hem Detek- 
tor. Ftir ein hypothetisches absorbierendes Medium mit einem molaren 
Extinktionskoeflixienten von Eins und fur mehrere verschiedene 
optische und therm&he Detektoren werden typische Diagramme der 
kleinsten nachweisbaren Probenkonzentration gegen die Wellenliinge 
angegeben. Solche Diagramme sind zusammen mit dem allgemeinen 
Ausdruck von Nutzen bei der Auswahl des besten Detektors fiir eine 
gegebene Infrarotmessung und zur Ermitthmg der kleinsten nach- 
weisbaren Probenkonrentration, die an einem gegebenen spektro- 
metrischen System gemessen werden kann. 

R&sum&&r donne une expression qui permet de determiner la 
concentration minimale de&able d’un echantillon dun absorbeur 
moleCulaire au moyen de n’importe quel spectrophotom&re infra-rouge 
utilisant des detectems a photons ou thermiques. On donne des 
courbes typiques de la concentration d%chantillon minimale dt5celable 
en fonction de la longueur d’onde pour un absorbeur hypothetique 
avec une absorption mol&zulaire egale a l’unit6 et pour plusieurs 
detecteurs a photons et thermiques dierents. De tels graphiques, 
utilises en m&me temps que I’expression g&&ale, sont utiles pour 
s&ctionner le detecteur optimal pour une mesure infra-rouge don& 
et pour l’estimation de la concentration minimale d%chsntillon 
decelable mesuree par un systeme spectrometrique specifique. 
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APPENDIX 

Relationship Between DA* and y 

Photoanodic Sensitivity for a Photoemissive Phototube 

In previous papers by Winefordner et al.,1J-11 a parameter y, the spectral response (in A at the 
photoanode per watt of radiant power at the photocathode, has been used to derive the signal-to- 
noise ratio. It is related to & by 

& = Y&, (13) 

where R& is the load resistor across which the voltage output is measured. However, owing to the 
complexity of the signal and noise terms in the infrared region, the parameter Da* is used which 
inherently contains the signal-to-noise ratio. It is of interest to relate y to Da*. By substitution of 
equation (13) into equation (6), y can be defined as 

V,DA+ 
’ = RL(ADAf)‘lr ’ 

The noise term V, is not the total noise of the system, but is rather only the shot noise due to the 
phototube. Therefore if equation (12) is used for any photoemissive-type detector, it must be made 
certain that the system is shot-noise limited. 
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CHROMATOG~PHIC SEPARATION OF 
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MANDELATES AND LACTATES OF 2-METHYLBUTANOG1, 
3-METHYLBUTANOL-2, PENTANOL-2 AND HEXANOL-2 
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Suuwary-TIte racemk akohols, 2-methyibut~ol-1, S-methylbuta- 
nol-2, pentanol-2 and hexanol-2 have been ester&d with optically 
active mandelic or lactic acid, and the resultant mixtures of diastereo- 
isomeric esters separated chromatographicaily with an optically 
inactive sulphonated polystyrene resin as the stationary phase and 
water or dilute aqueous sodium sulphate as the mobile phase. Lactate 
esters were more easily separated than mandelate esters. The chromato- 
graphic separation of 26 mmole of ~~)-3-methyl-2-butyl( -i-)-lactate 
and subsequent hydrolysis of the fractions containing only the ester of 
the (+)-alcohol yielded l-2 mmole of pure 3-methyl-2-butanol. 

EARLIER work1 in this laboratory was concerned with the esterification of (f-)-s- 
butanol with (-)-mandelic acid and the chromatographic separation of the resulting 
diastereoisomers, Dowex 5OW-X2 serving as the stationary phase and water as the 
eluent. Each diastereoisomer (-7 mmole) was obtained almost 100% pure, as a 
dilute aqueous solution (0403400644). It was also found that larger yields of the 
resolved butanol-2 could be obtained by the use of optically active lactic acid instead 
of mandelic acid because of the greater solubility of the lactate ester in water. This paper 
describes similar work with other alcohols and again demonstrates the superiority of 
the lactate esters. 

EXPERIMENTAL 
Synthesis of the esters 

Research-grade chemicals were used throughout this study. Optical purity of the acids was checked 
by polarimetry before use, and the akohols were checked for purity by gas c~o~to~phy on polar 
and non-polar columns. 

The (f)-2-pentyl (-)-mandelate was prepared by Professor John M. Cross of the Rutgers 
College of Pharmag. To e the other mandelate esters, 740 mmole of alcohol, 1100 mmole 
of mandelic acid, 75 ml of Kz.z e and 5 g of concentrated sulphuric acid were heated in a round- 
bottom fiask under reflux’with magnetic stirring. Water from the ester&cation was trapped in a 
Dean-Stark tube. When the amount of water indicated complete esterbication of the acid, the mixture 
was cooled and shaken with aqueous sodium carbonate to neutralize the sulphuric acid and possibly 
some unreacted mandeIic acid. The mixture was dried with sodium sulphate, and the benzene was 
removed by distillation. The ester was then purified by fractional distillation under low pressure. 

The lactic acid was purchased as a 40% solution in water. Some of this water was removed by 
distillation and trapping in the Dean-Stark tube before the alcohol was added to the reaction mixture. 
Bxcept for this, the Iactate esters were prepared by the same method as the mandelates. 

t Present address: E. I. du Pont and Co., Wilmiugton, Del., U.S.A. 
$ Present address: U.S. Department of Agriculture, Philadelphia, Pa., U.S.A. 
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The properties of the esters are given in Table I. The solubilities of the mandelates were determined 
by the method previously described.’ The same method-was used for the lactates except that the 
saturated solution was analysed by the dichromate method’ instead of the spectrophotometric 
procedure. 

Chromatography 

The sodium form of Dowex 5OW-X2,2- mesh, was used in all the chromatographic experi- 
ments. The resin had been previously treated by the standarll procedure to remove foreign ions and 
(as far as practicable) soluble organic compounds. Liquids were pumped through the columns at 
constant flow-rates. All chromatographic separations were performed at room temperature except 
one, which is discussed later. In some preliminary elutions, the eluates were monitored automatically 
with a recording spectrophotometer at 2570 A (mandelates) or 2300 A (lactates). Unfortunately, 
there was a continuous bleeding from the resin, of organic materials with very large absorptivities 
in the ultraviolet. This led to large and variable blank corrections. Therefore, for accurate study of 
the chromatographic separations, fractions of equal volume (usually 7.54 ml) were collected; 
of these were analysed by the dichromate method. 

aliquots 
r The concentration of organic matter from the 

resin was small and gave only small blank corrections. In almost all cases, polarimeter readings, 
accurate to 0.005”, were also taken. From these two sets of results, the concentration of each di- 
astereoisomer in the fraction was calculated. 

Values of the distribution ratio, C, and the number of plates in the wlumu,p, were calculated from 
elution graphs by use of the equations of Beukenkamp et al.’ The same parameters were calculated 
from frontal graphs by the equations of Spitz et al. * The interstitial volume was taken as 30 % of the 
column volume.4 

Experimental conditions such as the length of column and flow-rate are given in the next section. 
Flow-rates are expressed in cm/rnin, i.e., ml of effluent per min divided by the cross-sectional area 
of the column. 

RESULTS AND DISCUSSION 

(A)-2-Methyl-1 -buiyZ (f )-mandelate 

The esterification of racemic 2-methylbutanol-1 with racemic mandelic acid yields 
a mixture of four diastereoisomers. It was hoped that this mixture could be separated 
into a mixture of the D-D and L-L esters and a mixture of the D-L and L-D esters. 
However elution with water at 0.19 cm/mm through a 217-cm column gave a single 
peak with a distribution ratio of 25.2. Because of the small solubility ofthiscompound 

TABLE L-PROPERTIES OF THE FSTERS 

Ester 

Melting 

“c@ ’ 

Boiling 
point, 

“C 
Solubility, 

mole/l 
specific 
rotation 

(f)-Zmethyl-1-butyl 
(f )-mandelate 

(f)3-methyl-2-butyl 
(-)-mandelate 

W-2-pentyl 
(-->mandelate 

(f)3-methyld-butyl 
(+ )-lactate 

kid-2-pentyl 
(+ )-lactate 

( f)-2-hexyl 4043 
(+ )-lactate at 1 mm 

18.5-20 

62-64 

27-28 

127-130 
at 4 mm 

154-158 
at 15mm 

33-35 
at 2 mm 

40-42 
at 3 mm 

O+lO346 
in H,O 

0.00396 
in H,O 

OGO4OO 
in H,O 

0.10 in H,O 
0.055 ln 
0.5OM Na,SO, 

0.11 in Ha0 
a056 in 
0.5OM NaSO, 

0.25 in HI0 
OGO90 in 
0.5OM Na,SO, 

[aIn = 0.0 

[a]? = -90.2 
(248 g/100 ml, benzene) 

[a]g = -91.5 
(0.088 g/100 ml, H,O) 

[a]; = -601 
(O-532 g/l00 ml, H,O) 

[a]: = -3.55 
(I.78 gjlO0 ml, H,O) 

[a]: = -4.97 
(0.200 g/l00 ml, H,O) 
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in water and its large C value, the use of aqueous salt solution as eluent to improve the 
separation was not practicable. Failure to separate this mixture of diastereoisomers 
is convincing proof that the esters of the racemic alcohol with active mandelic acidcan 
not be separated by this method. Therefore work with this alcohol was abandoned. 

It is interesting to note that Rose et al.6 were unable to separate by gas-liquid 
chromatography the diastereoisomeric esters of 2-methylpentanol-1 with optically 
active acids. It seems that the hydroxyl group of an alcohol must be attached to the 
asymmetric carbon atom if its diastereoisomeric esters are to be separable by chro- 
matography. 

(f)-2-Pentyl (-)-mandelate 

Elution of this ester with water through a 312-cm column at 0.27 cm/mm failed to 
give any evidence of separation. There was a single tailing peak corresponding to 
C = 18.5. 

(&)3-Methyl-Zbutyl (-)-mandelate 

A preliminary elution of this ester with water through a 115-cm column gave a 
graph with two badly overlapping peaks. A longer column (218 cm) was then used. 

Sample: 
FIG. I.-Uution of ( f>3-methyl-2-butyl (-)-mandalate. 

l@O ml of 0@043OM (f)-3-methyl-2-butyl (-)-mandelate. 
Column: 218 cm x 0.785 cm* of Dowex 5OW-X2,200-400 mesh, sodium form. 

Eluent: water at 0.18 cm/min. 

Fractions of 5.54 ml of eluate were collected and analysed by the dichromate method. 
The graph is shown in Fig. 1. The fractions of the second peak had more negative 
rotations than those of the first peak; indicating that the ester of the (+)-alcohol is 
eluted first. The retention volumes (U*) of the two esters were used to calculate the 
distribution ratios (C values), which were 16.3 and 18.8. It was also calculated from 
the graph that there were 10.4 and 5.6 plates/cm for the frrst and second isomers 
respectively. From these data, it was calculated that a column of 3 13 cm would give a 
separation 99.9 % complete. This is in good agreement with the result (320 cm) cal- 
culated from the graph of the elution with the 115~cm column. 

When the flow-rate was increased from O-18 to 0.42 cm/min, the elution curve was 
similar to that of Fig. 1 but there was a minor increase in the C values (16.7 and 19.2) 
and a marked change in the number (P) of plates/cm (5.9 and 6.3). 
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( f)-2-Pe~ttyl (+)-lactate 

Five ml of a 0=112M solution of this ester were put on a column, 312 cm x O-785 
cm2, and eluted with water at O-23 cmjmin. The elution graph (Fig. 2) shows that a 
partial separation was achieved. The C values calculated from the two peaks were 
4.63 and 4&L The number of plates per cm was 18 for the first isomer and 16 for the 
second, calculated from the rising slope of the first curve and from the falling slope of 
the second. It would require a column 14 m long to give a quantitative separation of 
the two diastereoisomers. Fractions cor~sponding to the first elution curve had 

VOLUME of &L~TE,ML. 

Fro. 2.-Elution of (&)-2-pentyl (+)-lactate. 
Sample: 500 ml of 0~112M (f)-2-pentyl (-+)-lactate. 

Column: 312 cm x 0,785 cm* of Dowex JOW-X2,200-400 mesh, sodium form. 
Eluent : water at @23 cm/min. 

negative rotations while those of the second had positive rotations. This indicates 
that the (-)-pentyl (-l-)-lactate precedes its diastereoisomer, 

( f )-2-Hexyl (+)-lacnzte 

Ten ml of a 0.0248M solution of this ester were eluted under the same conditions 
as those of Fig. 2. The graph showed a partial separation. Again the ester of the 
(-)-alcohol was eluted first. C values were 6.69 and 709. Calculation indicated that 
a column 29 m in height would be required for a q~ntitative separation. 

(f)-3-Methyl-2-butyl (+)-lactate 

A sample of 050 mmole of this ester was eluted with water at O-26 cm/mm through 
a column, 324 cm x 0,785 cm2. The elution graph indicated a significant partial 
resolu~on with Cvalues of 3.91 and 4.35, and 5-l and 7.3 plates/cm. It was calculated 
from these data that an 8OO-cm column would give a quantitative separation. 

Very many chromatographic separations of organic non-electrolytes can be greatly 
improved by using an aqueous salt solution6,7 instead of pure water as the eluent. 
Accordingly, the next experiment was the elution of 0.55 mmole of this ester with @5OM 
sodium sulphate at 0.25 cm/min through a column, 319 cm x 0.785 ems. The elution 
graph (Fig. 3) shows a nearly qu~ti~tive separation with C values of 10.1 and 1 l-3 
and P values of 5-l and 7.3 plates/cm, indicating that quantitative separation would be 
achieved with a 420-cm column. 

Effect of temperature. To test the effect of temperature, two elutions were performed 
under nearly identical conditions except for temperature; one was performed at room 
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temperature (about 259, the other in a room thermostatically controlled at 5’. The 
results are summarized in Table II. Clearly, the use of low temperature has a deleteri- 
ous effect on this separation. 

TABLE II.-Eppecr OF TEMPERATURE ON THE ELUTION OF 
( -+)-3-METHYL-2-~vm. (+ )-LACTATB WITH WATER 

G S PI 
Column height for 

complete separation, cm 

25 3.91 4.35 5.1 1:; 800 
5 6.01 6.43 5.2 2900 

Repetitive frontal chromatography. With a column of a given size, larger quantities 
of sample can be separated by this methods than by either elution or simple frontal 

Fro. 3.-Elution of (&)-3-methyl-2-butyl (+)-lactate. 
Sample: 10.0 ml of 0.0546M (f)-3-methyl-2-butyl (+)-lactate. 

Column: 319 cm x O-785 cm* of Dowex 5OW-X2,200400 mesh, sodium form. 
Eluent: 0.5OM sodium sulphate at 0.25 cm/miu. 

chromatography. Three 280-ml portions of 0.307M (&)-3-methyl-2-butyl (+)-lactate 
were pumped through a column, 317 cm x 0.785 cm%, of Dowex 5OW-X2. The 
interstitial volume of this column was 70.2 ml. The first and second portions of 
sample were each followed by 280 ml of water. After the third portion, water was 
pumped through the column until all the ester was removed. A flow-rate of 0.25 
cm/min was maintained. Eluate fractions of 7.54 ml were collected and examined 
polarimetrically, and the esters were determined in l-00-ml aliquots of the fractions by 
the dichromate procedure. 

Figure 4 is the graph of the emergence of the first portion of 280 ml of 0.0307M 
ester solution. The graphs of the emergence of the second and third portions have 
essentially the same shape as the fhst but are displaced along the abscissa by 560 and 
1120 ml respectively. The interpretation of this type of chromatogram has been dis- 
cussed elsewhere.s From the appropriate rising and falling parts of the three graphs, 
it was calculated that the mean distribution ratio of the frrst diastereoisomeric ester is 
10.2 (standard deviation 0.25). Similar calculations for the second diastereoisomer 
yielded a mean distribution ratio of 11.6 (s.d. 0.15). These values are in satisfactory 
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agreement with those found by elution chromatography (IO.1 and 11.3). On the other 
hand, very discordant values of the number of plates/cm were obtained from the data 
of the repetitive frontal graph. Spitz3 also found good agreement among the C 
vaiues and very poor agreement among the P values in the separation of the diastereo- 
isomers of 2-butyl mandelate by repetitive frontal chromatography. 

Recovery of (+)-3-methyZbutanoE2. The fraction on the third plateau of Fig. 4 
had more positive rotations than those on the first plateau. This indicates that the 
ester of (~)-3-methyl-butanol-2 emerged from the column after the ester of the 
(-)-alcohol. The area under the curve of Fig. 4 from 1120 to 1265 ml of eluate 

VOUJWE of ELUATE, ML. 

FIG. 4.-First sample band in repetitive frontal chromatography. 
Sample: 280 ml of 0.0307M (f)-3-methyl-2-butyl (+)-lactate. 

C&mm: 317 cm x 0.785 cm* of Dowex 5OW-X2,20&400 mesh, sodium form. 
Eluent: 05OM sodium sulphate at O-25 cm/&. 

corresponds to O-9 mmole of (+)-3-methyl-2-butyl lactate. Similar areas under the 
graphs for the second and third sample bands correspond to 0.7 and 1.1 mmole, 
giving a total of 2.7 mmole of thisdiastereoisomer. However, 05 mmole had been 
destroyed by the application of the dichromate method to aliquots of the eluate 
fractions, The solutions containing the remaining 2.2 mmole of (f)3-methyl-2- 
butyl lactate were combined, and the ester was extracted with ether. The ether was 
removed by fractional dis~lation, and the residue was mixed with 12 ml of l-O&f 
potassium hydroxide and refluxed on a hot water-bath for 3 hr to hydrolyse the ester. 
The mixture was cooled. Two grammes of sodium chloride were added and the alco- 
hol was extracted with two S-ml portions of ether. Fractional distillation through 
a 13-cm column was used to remove the ether. The optically active alcohol was then 
dissolved in absolute ethanol and diluted with the same solvent to 25.0 ml. 

The rotation of this solution with sodium D light in a 2-dm tube was +0*045”. 
This corresponds to 1.2 mmole of (+)-3-methylbutanol-2. 

CONCLUSIONS 

Optically active secondary alcohols can be obtained at essentially 100% optical 
purity by repetitive frontal c~omato~aphy of their esters with optically active 
acids, optically inactive ion-exchange resins and aqueous eluents being used, 
Lactate esters are preferable to mandelate esters since they are more soluble in water 
and hence have smaller distribution ratios. A more detailed description of this work 
can be found elsewhereqs 
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Zusammer&mmg-Die racemischen Alkohole 2-Methylbutanol-1, 
3-Methylbutanol-2, Pentanol-2 und Hexanol-2 wurden mit optisch 
aktiver Mandel- oder Milch&tire verestert und die entstandenen 
Gem&he diastereomerer Ester chromatographisch mit einem optisch 
inaktiven sulfonierten Polystyrolharz als stationiirer uud Wasser oder 
verdthmtem wiit3rige.m Natriumsulfat als mobiler Phase getrennt. Die 
Lactatester lieBen sich leichter trermen als die Mandelate. Die chro- 
matographische Trenmmg von 26 mMo1 (+)-3-Methyl-2-butyl-(+)- 
lactat und folgende Hydrolyze der Fraktionen, die nur den Ester des 
(+)-Alkohols enthielten, ergab 1 ,ZmMol an reinem 3-Methylbutanol-2. 

R&sum&-On a estbifie les alcools racemiques, 2-methylbutanol-1,3- 
methylbutanol-2, pentanol-2 et hexanol-2 par les acides mandelique 
ou lactique optiquement actifs, et les melanges resultants #esters 
diast&oisomeres ont et6 s&pares chromatographiquement au moyen 
dune &sine de polystyrene sulfone optiquement inactive comme phase 
stationnaire et d’eau ou dune solution aqueuse dilu&e de sulfate de 
sodium come phase mobile. Les esters lactiques ont et& Separes 
plus aisement que les esters mandeliques. La separation chromato- 
graphique de 26 mmole de (f>3-methyl Zbutyl-(+)-lactate et l’hyd- 
rolyse ulterieure des fractions ne contenant que l’ester de l’alcool-( +) 
a fourni I,2 mmole de 3-m&hyl2-butanol pur. 
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Summary-New esters of the ethan phosphonic acids have been syuthe- 
sixed and their extraction properties studied with respect to Moo?), 
Re(VII), Fe(III), Au(III),Tl(III) and%(V). Apossibility is shown for the 
analytical separation of molybdenum from rhenium (B = 700). The 
state of these new extraction agents in carbon tetrachloride solution, 
and the mechanism of the extraction p_ 
by means of iufrared spectra. 

have been investigated 

A GREAT many organo-phosphorus compounds (phosphates, phosphonates, 
phosphinates, and phosphine oxides), synthesized during the last two decades, have 
been used for analytical and industrial separation of substances,34 The presence of 
P==O as a functions group is characteristic of all these compounds. The oxygen 
of that group has a free electron pair and is sterically accessible, and its bond with 
phosphorus is polarized, these being circumstances which determine its reactivity. 
Organo-phosphorus compounds of this type solvate co-ordinately a number of 
complex metal ions, through a donor-acceptor or other kind of bonding, enabling 
extraction to be made.s-12 

Org~~phospho~s compounds prove to be rather good but not very selective 
extracting agents. Their selectivity could be improved (usuahy at the expense of 
their extracting ability) if electronegative substituents were incorporated into the 

molecule, weakening the donor properties of oxygen. Selectivity is also improved 
by the presence of steric effects.ls-l7 

The purpose of the present work was to investigate the extraction properties of 
some new organ~phospho~s compounds with respect to the ions of rhe~~~I), 
molybdenum(Vf), eic. The new compounds are esters of the hydroxy-naphthylethane 
and the hydroxy-phenylethane phosphonic acids. Here the polarity of the ‘+P=O’- 
bond could be affected by the presence of the electronegative groups, OH, C,H,, 
C&H,, while the accessibility of the oxygen atom is partially screened by the ester 
groups. Hence, improved selective properties were to be expected. 

EXPERIMENTAL 
The composition and structure of the five newly synthesized compounds are shown by formulas 

I-V. 
OH OCJI, OH OCHs 

a--!;kH, co;;k, 

I II 
di-isopropyl aster of dimeth 1 ester of 

l-hydroxy-l-fl-naphthylethane 
phosphonic acid (P-HNEPh) 

I-hydroxy-l- -naphthylethane d 
phosphonic acid (M-HNEPh) 

221 
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diethyl ester of 
I-hydroxy-1-j%naphthylethane 
phosphonic acid (E-HNEPh) 

di-isopropyl ester of 
a-naphthyhnethane phosphonic 

acid (P-NMPh) 

OH OCsH, / dH-A==0 0 \’ I 
OC,H, 

V 

di-isopropyl ester of 
hydroxyphenyhnethane 

phosphottic acid (P-HPhMPh) 

Compound I was synthesized according to a reaction described by Abramov,18 from di-isopropyl 
phosphate and methyl /I-naphthyl ketone. A saturated solution of sodium methoxide in methanol 
is added dropwise to an equimolar mixture of these two substances. The white crystals obtained are 
then recrystallized from benzene. They have a specific odour and a melting point of 120-122’. 
Compounds II, III, and V were prepared in an analogous manner;” compound IV was prepared 
by the Michaelis-Bekker reaction. 

All the compounds, except IV, are white crystalline substances with a specific odour, soluble 
in carbon tetrachloride, dichloroethane and trichloroethane, and partially soluble in chloroform 
and benzene. Therefore, the compounds can easily be obtained in a pure enough state by recrystallixa- 
tion. 

The selective absorption of these substances in the infrared region was investigated with a Zeiss 
spectrophotometer UR-10. Solutions in carbon tetrachloride, dried with calcium chloride, were used 
for the purpose. 

Extraction properties were studied with respect to the ions of molybdenum(W), rhenium(W), 
iron(III), antimony(V), thallium(W) and gold(II1). The distribution coefficients, D, were determined 
radiometrically, by measuring the activity both in the aqueous and in the organic phase.* The radio- 
active isotopes used were O@Mo, X88Re, laaSb, *OpTI, loeAu. Their purity was checked by means of the 
gamma-spectra. 

All investigations were carried out in hydrochloric acid media ranging from 1 to 1OM. The 
organophosphorus compounds were used as 1 and 6% solutions in carbon tetrachloride. This 
solvent allowed the fastest and most thorough separation of the two phases; each phase had a 
volume of 12 ml. 

RESULTS AND DISCUSSION 

Infrared spectra of the organo-phosphorus compounds 

According to the investigations of Meyrick and Thompson,ls the selective 
absorption in the infrared region, due to the P=O stretching vibration in the phos- 
phonates, appears within the range 1260-1250 cm- l. The frequency of the absorption 
maximum of this group for the compounds used in our investigations is shown in 
Table I. 

It is evident from these data that the energy of the P=O stretching vibration is 
decreased for all the compounds investigated, with the exception of IV (P-NMPh), 
the latter differing from the rest in that it contains no hydroxyl group. The selective 

+ The distribution of Fe(W) was checked spectrophotometrically by means of 1 ,lO-phenanthro- 
line. 
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TABLE I 

I 
II 
III 
IV 
V 

Substance v, cm-’ 

(P-HNEPh) 1235 

(P-HPhMPh) 1240 

absorption of compound IV at 1260 cm-l shows that the naphthalene ring (despite 
its electrophilic character), being connected with the phosphorus atom through a 
carbon atom, does not affect the polarity of the P=O bond. The decrease of stretching 
vibration frequency in the other compounds, expressed as a difference between the 
wave numbers, AY = 20-25 cm-l, could be assigned to intermolecular or intra- 
molecular interaction, resulting from the formation of a hydrogen bond between the 

_I’ 

I 4 I I I I_________ I I I 1 I I I 

000 1000 1200 1400 
- 3 (cm-3 

3000 3200 A0 3600 

FIQ. l.-Iufrared spectrum of compound I (P-HNEPh). 
(a) 6% solution in Ccl,; (b) dqersed in Nujol. 

phosphoryl and the hydroxyl groups. It should be noted that the infrared spectrum 
of the crystalline substance, dispersed in Nujol (Fig. 1) is identical with the spectrum 
of a 6 % solution of the same substance in carbon tetrachloride; the P==O stretching 
vibration occurs at the same wave numbers. This proves that in the solution most 
of the molecules are combined in polymers. 

The interactions described above are also confirmed by the character of the absorp- 
tion of the hydroxyl group. Three absorption maxima are observed with a 1% 
solution of compound I in carbon tetrachloride: a wide, intensive maximum at 
3270 cm-l and two sharp, less intensive ones, at 3565 and 3595 cm-l (Fig. 2, curve a). 
With the extraction of molybdenum or iron, the spectrum of the extract is different; 
a new maximum appears at 3435 cm-l (Fig. 2, curve b). The intensity of this maximum 
increases with increase of molybdenum concentration, at the expense of the maximum 
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FIG. 2.-Infrared spectra of (a) 1% soIution of compound I (P-HNEPh) in CC&, 
(b) an extract of&So with the same compound. 

at 3270 cm-l. A shift of the absorption of P=O (Av = 45 cm-l) is also observed 
in the molybdenum extract. 

The absorption at 3595 cm-l evidently corresponds to a free hydroxyl group, 
not afFected by other interactions. The intensive absorption in the region about 
3270 cm-l, corresponding to a rather strong hydrogen bond (Av = 325 cm-l), could 
be assigned both to an intermolecular hydrogen bond (VI), and to intramolecular 
ones, (VII) and (VIII): 

0 
II 0.R 

OH 0-R R0--P-0.R 
I I I 

OH-.. OH-OR 
I I 1 I 

-(;-P--O--H-0-C-CH9 --C-P-&) -C-P==0 
I I I I I I 

CHI 0-R CHs 0.R CH* OR 
VI w VIII 

The maximum at 3565 cm-l shows the formation of a very weak hydrogen bond, 
most probably between the OH-group and the rr-electrons of the naphthyl ring. 

When an atomic model is made of the structure of the compound under consider- 
ation, it is evident that the phosphoryl oxygen atom is sterically accessible and it is 
possible for there to be an in~~olecular hydrogen bond between this atom and the 
hydroxyl group of another molecule. In this way both dimers and polymers could be 
obtained. Intramolecular bonds between the hydroxyl group and the oxygen of the 
phosphorus, as well as between the hydroxyl group and the oxygen atom of the 
ester, are also possible. Under definite conditions of concentration and temperature, 
an equilibrium could be expected to be maintained between the molecules of the 
ester which are free from interaction and those with an intramolecular or intermolecu- 
lar hydrogen bond. From the most general thermodynamical considerations, account- 
ing for the basicity of the phosphoryl and the ester oxygen atoms, it follows that the 
intermolecular hydrogen bond (VI) and the intramolecular one (VII) will be preferred. 

With the purpose of clarifying the origin of the absorption at 3270 cm-l, we have 
taken the infrared spectra of solutions of compound I, with a concentration within 
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the range 1.8 x 10-l-1.8 x 1WM. The maximum at 3270 cm-l is decreased only 
at very high dilution, a maximum at about 3430 cm-l appearing simultaneously. 
There is reason for the assumption that the hydrogen bonds in structures VI and VII 
will be very close in strength and that the valence variations of the hydroxyl group 
will be manifested in a single, wider and more intensive maximum. Upon dilution, 
the hydrogen bond of type VI will be broken, making possible the formation of 
bonds of types VII and VIII in the freed molecules. From a thermodynamical point of 
view, a bond of type VII should be preferred, but as is evident from the model 
structure, under some conditions there will be kinetic barriers to its formation, 
on account of which a bond of type VIII will also be formed and sterically preferred. 
The shift of the absorption from 3270 to 3430 cm-l, in the extraction of molybdenum 
or iron, could be assigned to alteration of the absorption of the hydroxyl group upon 
co-ordinative solvation. 

Extraction properties of the organo-phosphorus compounds 

The extraction properties of compound I have been studied with respect to the 
ions of RemI), MO(W), Au(III), Fe(III), Sb(V), and Tl(II1). Figure 3 shows the 
relationship between log D and the concentration of hydrochloric acid. It is evident 

I- 

,P<: I ! ( ( , , 

2345678 9 iaL- 
-N-HCt 

Fm. 3.-Relationship between log D and the concentration of hydrochloric acid. 
Extraction with a 6% solution of compound I: A-MO; O-Au; *Fe; A-Sb; 

e-T1 ; Cl -Re. 

that molybdenum, gold, iron, antimony, and thallium can be extracted relatively 
well, whereas the extraction of rhenium is rather limited. This condition enabled 
relatively good separation of molybdenum from rhenium to be made by extraction 
and restricted our further investigations to these two elements only. 

The relationship between log D and the concentration of hydrochloric acid in the 
extraction of molybdenum and rhenium was studied with compounds I, IV, and V. 
It is evident from Fig. 4 that with solutions of not too high acidity (6M hydrochloric 
acid), convenient for work, the best separation of the two elements is achieved with 
compound V (separation factor, ,!I = 700). 
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FKX rt.-Relationshi between log D and the concentratia~~ of hydrochloric acid. 
Extraction with a 6”, solution of the following compounds: U-V (HPhMPh); P 

A-1 (P-HNEpfi); O-IV (I-NhB’h). 

For the analytica separation of ~oiybdenum from rhenium by this method, 
it was important to study the effect of the presence of sulphate ions on the distribution 
coefficient. Experiments proved that the presence of O-5 g of sodium sulphate in the 
volume used does not interfere. 

The great diierence between the distribution coeflicients of m~~ybd~~urn and 
rhenium is probably due to the different extraction mechanism of the two metals, 
which could be attributed to the nature of their complexes. 

Over a very wide concentration range of hydrochloric acid, rhenium is present 
in the form of the perrbenate ion, ReO&--. Molybde~~~I), however, forms, 
depending on the acidity, various types of cornpjex with the ratio MO :Cl = I : 2 and 
I: 3. According to Neumann and Cook, BJI the probable compositions of these com- 
plexes are MoO,CI,, MoO(OH),CI,, and MoO(OH)CI,. Taking into consideration 
the large positive charge of MO w, these neutral complexes should have a covalent 
character. 

When the strong shift of the maximum of valence variations of P=O (Fig. 2) is 
taken into account, it seems very probable tbat the extraction of molybdenum is due 
to a co-ordinative soivation of the molybdenum chloride complexes. With rhenium, 
ah co-ordination sites are occupied by oxygen atoms, making such a solvation 
impossible. The extraction of rhenium probably takes place according to a hydra- 
tion-salvation mechanism, and owing to the relatively low concentration of the active 
extracting agent (6 %) usually used, the distribution coefficient is insignificant. 

Ten ml of the solution under investigation, made 6M with respect to hydrochloric 
acid, is extracted twice, each time with 10ml of a 6% solution of P-HPhMPh(V) 
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in carbon tetrachloride. The two phases are separated and the aqueous one is filtered 
into a MO-ml separating funnel through filter paper wetted with water. The solution 
is diluted with water to a convenient standard volume and rhenium is determined by 
the thiocyanate method. 

zi J-NeueEsterder&han Phosphon&ren wurdendar- 
gostellt und ihre Extraktionseigarschaften mit Mo(VI), Re(VH), 
Fe@), Au(III), ‘Ii(m) und Sb(V) untersueht. Eine MBgliehkeit xur 
analytisehen Trennun van Molybd&r turd Rhenium (B = 700) wird 
gem@. Da Zustan diem neuen Extraktionsmittel in Tetraehlor- d: 
kohlenstoiIi6stmg und der Meehanismus der Extraktionsproxesse 
wurde mit Hilfe van InfrarotspeMren untersucht. 

R&am&On a synth&is& de nouvcaux esters d’aeides ethan phos- 
phoniques et Ctudio leurs prop&t&s d’extraetion en cc qui concerne 
MOO, Re(VIl), Fer(III), Au(III), Tl(III) et SbO. On r&le tme 
possibilitt de &paration analyti ue du molyhckne du rh6nium 
@ = 700). On a &udiC, au moyen e speetres infra-rou % 
nouveaux agents d’extraetion en solution dans le t 

fesJwat&eg 

carbone et k m&at&me des proeessus d’extraetion. 
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HOMOGENEOUS NUCLEATION OF CALCIUM 
HYDROXIDE? 

DAVID H. KLEIN and MJZLVIN D. SMITH 
Hope College, Holland, Michigan, U.S.A. 

(Received 8 August 1967. Accepted 19 September 1967) 

Smnmary-The rate of nucleation of calcium hydroxide in carefully 
purified supersaturated solution was observed to be about l(r 
particles. cm*. se@, in solutions with activity products CQ,UO~* 
around 4 x 10J. These data correspond to a homogeneous nucleus 
containing about 55 Ca(OH), units, and a nucleus-solution inter- 
facial tension of 65 erg/cm’. 

THE free energy for the creation of a new phase in the presence of a supersaturated 
mother phase is given by 

AG= -nkT ln (c/s) + ~JA, 
where n = number of molecules transferred to the new phase 

k = BOkmaM constant 
c =concentration of the supersaturated mother phase 
s = concentration of the saturated mother phase 
u = surface free energy/ems of surface of the new phase 
A = surface area of the new phase. 

The first term on the right thus corresponds to the free energy of transfer of n molecules 
from the supersaturated solution to the new phase, which would be in equilibrium 
with a saturated solution, and the second term corresponds to the free energy required 
to form the surface, of area A, of the new phase. Both terms depend on n, and the 
degree of dependence is such that the second term is predominant at small n, and the 
first at large n, so that AG goes through a maximum. The particle of new phase for 
which AG is a maximum is defined as the nucleus, and is the smallest particle for 
which increase in n is a spontaneous process. The free energy of forming the nucleus, 
AG*, can be shown to be related to the area of the nucleus, A*, and to the number 
of molecules in the nucleus, n*, by 

AG* = uA*/3, and 
AG* = n*kTln (c/4/2. 

Christiansen’s theory of nucleation of precipitates from solution1 permits calculation 
of AG*, and hence of n* and 0, from the rate of nucleation at a particular value of c. 
In addition, n* can be determined independent of Christiansen’s theory by examining 
the variation in nucleation rate with concentration, since a very simple steady-state 
approach to nucleation kinetics leads to the equation* 

dN/dt = k(P)“‘, 

t This study was aided by a grant from the Office of Saline Water, U.S.Departmentof theInterior. 
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where 

D. H. KLEIN and M. D. Skcmr 

N = number of nuclei formed 

r=time 

(ZP) = ion product. 

Thus a plot of log dN/dt against log (ZP) has slope n*, and from II* it is possible to 
calculate AG* and u by using the equations given above. 

In studies of the nucleation of strontium sulphate* and magnesium hydroxide,3 
sufficient data were obtained to permit calculation of AG*, n*, and Q both by the 
steady-state approach, and by Christiansen’s theory. The good agreement between 
the values gives strong support to the theory. 

The steady-state approach requires that (ZP) be varied over a very small range, 
because n* is rather large, and if n* is too large, it is experimentally very difficult to 
use this method. Preliminary experiments in the present study of nucleation of 
calcium hydroxide indicated that II* was too large for the steady-state approach to 
be expezimentally useful, and so the results are based solely on Christiansen’s theory. 

The precipitate-solution interfacial tension, 0, is a key parameter for precipitation, 
in that it strongly influences both the nucleation rate and the rate of crystal growth bj 
several mechanisms.l The surface of tension between the particle and the solution 
is difficult to visualize, since, because of the small size of the nucleus, the volume of 
this “surface” of tension may be comparable in magnitude to, or larger than, the 
volume of the solid phase. Whatever the surface tension is, it is clearly an important 
property, and so its relationship to the structure of the precipitate is of interest. 
The present study of nucleation of calcium hydroxide was therefore undertaken, to 
permit the comparison of two similar systems, calcium and magnesium hydroxides. 

EXPERIMENTAL 

Solutions were purified as described previously. a The supersaturated calcium hydroxide was 
prepared by slowly pumping about 30 ml of O*SOM sodium hydroxide into about 175 ml of O.OSOM 
calcium nitrate, the pumping rate being O-0021 ml/set. The pH of the solution was recorded from 
an expanded scale H meter, standardized against saturated calcium hydroxide solution at pH 
12.454. Addition o P sodium hydroxide was stopped at PH about 12-8, and samples of the reaction 
mixture were taken at timed intervals for particle countmg with a Coulter counter equipped with a 
30-p orifice. Detectable particles began to a 
was stopped. In a typical experiment, the !Yr 

about 10-20 min after addition of sodmm hydroxide 
ckground count, representing unremoved particles and 

electrical noise, was about 2.5 x lO’cm-*, and the maximum count observed was F7 x 10’ cm-‘. 

RESULTS AND DISCUSSION 

In three experiments the rates of appearance of detectable particles, taken as the 
nucleation rates, were 940 x IO”, 2.36 x 105, and 2.53 x 10s cmS. set-I, at pH 
values of 12.873, 12.866, and 12.912, and total calcium concentrations OW17,0~0413, 
and OW12M respectively, corresponding to activity products, LI~&~$, 4.02 x 10m5, 
3.90 x 10d, and 4.02 x 10d. The activity products were calculated from the known 
total concentration of calcium, [Ca5*] + [CaOH+] , and the observed aoH, as follows : 
from4 Kl = 25 = ac,,oH/acoa,,, and aoH, the ratio uc,oE/ac, could be calculated. 
Activity coefficients of Ca” and CaOH+ were estimated as 0.314 and 0.730, from the 
extended Debye-Hiickel equation at an ionic strength of 0.232. From the ratio of 
activities and activity coefficients of CaOH+ and Caw, the concentration ratio 
[CaOH+]/ [Caw ] was obtained. Since ([Gas] + [CaOH+]) is known from the initial 
concentration corrected for dilution, [Cast] and uc* could be calculated. 
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The theoretical expression for the rate of nucleation of calcium hydroxide is’ 

dN/dt = (~/&,,)(2~/3~1’cZ?z*)~~* exp (-AG*/kT), 
where D = diffusion coefficient = 2 x 1O-6 cm*. se& 

d = mean diameter of one Ca2+ and two OH- ions = 4 x lO--* cm 
(estimated from Debye-Htickel hydrated ion diameters) 

00 = molecular volume of solvent = 3 x lo-= cm5 
+ = kTln (c/s) = kTln [(IP)/K,,] 

K, = 3.71 x N-6”. 

From this equation, and those given previously, the following values were calculated: 
AG* = 64*8kT, 64*4kT, 66*6kT, n* = 54.6, 54.9, 56.1, where n* = number of 
Ca[OH12 units in the nucleus, and Q = 64.7, 64.2, 65.5 erg. cmd2. Calculation of u 
requires an assumption concerning the shape of the nucleus. The assumption made 
is that the nucleus is a rectangular parallelepiped with edge lengths proportional to 
the unit cell dimensions, the same assumption that was made in the case of Mg(OH),. 

The surface energy of magnesium hydroxide was found to be 115 erg. cm-2, about 
twice the value found for calcium hydroxide in the present study. The surface energy 
should be ir&uenced by the same factors as the lattice energy, and since the lattice 
energy of calcium hydroxide is less than that of magnesium hydroxide, due to tbe 
difference in ionic radius, the direction of the change in surface energy is intuitively 
satisfying. Unfortunately, the difference in surface energies cannot be quantitatively 
rationalized. 

Zuaannne&&aanS-Die Keimbildungsgeschwiigkeit von Calcium- 
hydroxid in sorgfaltig gereinigten tibersattigten Liisungen wurde als 
etwa l@ Teilchen/cmQecl in Liisungen mrt dem Aktivitatsprodukt 
a&ox* von etwa 4 x 1O-6 gefunden. Die Daten entsprechen einem 
homogenen Keim aus etwa 55 Ca(OH),-Eiieiten und einer Grenx- 
flachenspannung zwischen Keim und Losung von 65 erg/ems. 

R&sat&-On a observe que la vitesse de production de germes de 
l’hydroxyde de calcium en solution sursaturee soigneusement purif& 
est d’environ lo” particules. cm-s. set-I, dans des solutions ayant des 
produits d’activite a,+no* d’environ 4 x 1O-6. Ces don&es 
correspondent a un germe homogene contenant environ 55 unites 
Ca(OH),, et a une tension interfaciale germe-solution de 65 en&ma. 
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DETERMINATION OF BH AND 85Kr IN AQUEOUS 
SAMPLES BY LIQUID SCINTILLATION TECHNIQUES* 
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Summary-Analytical procedures have been developed for the simul- 
taneous determination of tritium and krypton-85 in aqueous solutions 
by liquid scintillation techniques. The effects of sample sire, amount 
of water and dye were investigated. 

TBE low concentrations at which radioisotopes can be measured make them extremely 
valuable in research. Recently, Tsivoglou and co-workers1 proposed the simultaneous 
use of two radio-tracers to determine the reaeration rate constant, &, in streams. 
Basically, the l;roposal involves the use of a gaseous tracer with a gas transfer coeffi- 
cient that is constant relative to that of oxygen in the streams, and tritiated water, a 
non-gaseous tracer that functions as a dispersion indicator. Laboratory tests have 
already been conducted by Tsivoglou with gaseous ‘Xr to verify that the relationship 
between the gas transfer coefficients of the tracer and other gases is constant over a 
wide range of turbulence. 

A major di&ulty associated with the simultaneous use of tracers is the need for 
the quantitative determination of each tracer in aqueous samples. The.analytical 
determination of @Kr in water samples by a variety of methods has already been 
reported.2 Curtis et a1.3 measured both *5Kr and tritium, as gases, by liquid scintil- 
lation. Since liquid scintillation techniques have been demonstrated to be quite 
effective in the analytical determination of ‘Xr and SH, the objective of the 
investigation reported here was to develop an analytical method for the simultaneous 
determination of gaseous @Kr, and of tritium as tritiated water, in aqueous solutions, 
in support of the reaeration studies mentioned above. Three requirements for any 
method developed were: (1) a maximum sensitivity in order to minimize the amounts 
of radioisotopes required; (2) a minimum of sample handling and preparation; (3) a 
reasonably short time for handling the analysis so that samples would not accumulate 
during field work. 

EXPERIMENTAL 

Tritium, aH, decays to stable 8He with an effective half-live of 12.26 years. 
are emitted, the maximum energy being O-018 MeV. 

Several beta particles 
*%r decays to Wb with a half-life of 1@4 . 

During its decay, @7% of the total activity is gamma-radiation with energy 0.52 MeV, and 993O, is Ir 
/?-radiation with maximum energy 067 MeV. 

Because of the dhference in maximum energies of the two nuclides, the difference in physical 
states, and the other factors affecting the count rate of each nuclide, investigations were made into 
the possibility of using liquid scintillation counting for ‘H and Wr simultaneously in a water matrix. 

* This paper was presented at the Southeastern Regional Meeting of the American Chemical 
Society on 27 October 1966 in Louisville, Kentucky. 

t Present address: Research and Development Center, Building 37, Room 2023, General 
Electric Company, P.O. Box 8, Schenectady, New York 12301, U.S.A. All the authors have now 
left the Taft Center. 
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To facilitate handling and to save time in preparation and counting of separate samples for each 
determination, consideration was also given to a procedure for the simultaneous countmg of *H and 
Wr in a single sample aliquot. A Packard Tri-Carb Liquid Scintillation Counter was used to count 
all samples. Butler’s solution* was used as the liquid scintillator phosphor. The counting vials were 
glass of low potassium content. 

TriIium counting 

Because water acts as a quenching agent in liquid scintillation counting, one of the first questions 
to be. answered involved the optimum sample size for effective counting. A set of quenched standard 
samples was prepared in which a constant volume of phosphor, 16-O ml, was added to each vial. 
Increasing increments of water, ranging from 0.05 to 4.00 ml, were added to the phosphor, followed 
by 50 pl of tritiated water (*H activity 107,800 dpm). 
were counted. 

The vial was capped and shaken, and the samples 

TABLE L-EFFECT OF WATER ON COUR-UNG EFFICIENCY 
FOR aH 

Volume of 
water, ml 

0.05 

%z 
1.50 
2.00 
250 
3.00 
3.50 
4.00 

Efficiency, % 

28.7 
254 
22.1 
19.3 
17.1 
15.0 
13.2 
11.7 
9.5 

Table I shows the effect of the volume of water in the mixture on quenching and counting effi- 
ciency. From these results and the fact that other materials atTecting the results would be pr,esent in 
some field samples, a sample volume of 2 ml of water was chosen, even though a larger volume 
would have provided higher count rates. Also, in preparing field samples for counting, a volume of 
2 ml is more easily transferred than a smaller amount. 

The next question that logically arose was “How reproducible 
constant water volume?“. 

is the counting procedure for a 
To answer this, the count for a 2.0 ml volume of water was measured for 

10 samples. The range of net activity was 18,002-18,582 cpm with an average of 18,392 cpm, 
corresponding to an efficiency range of 16.7-l 7.2 %, average 17.1%. 

Next, four sets of triplicate samples were prepared at different levels of activity to determine 
whether the efllciency of counting varied with count rate. The results in Table II show that it did not. 

TABLE IL-EFFXT OF COUNT RAlE ON RFFKXRNCY FOR “H 

Tritium activity Average observed Average 
added, dpm activity, cpm efficiency, % 

5130 880 17.1 
1071 183 17.1 
213 36 16.9 
42 7.2 17.1 

As the main purpose of the procedure was to determine tritium in environmental samples, *H was 
added to water from different locations and the samples prepared for counting. In the two extreme 
cases of distilled water and sea-water the efficiencies were 16.9 and 16.1% respectively. 

Efect of dye on counting eflciency 

If sH and %r are placed in a stream for the purpose of determining dispersion and reaeration rate 
constants, some indicator must be used to determine the time at which samples should be collected. 
Two dyes, Rhodamine-WT and Pontacyl Pink, have received attention as water tracers because of 
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their relatively low rate of adsorption on surfaces of rocks and muds and their ease of detection at low 
concentrations by fluorimetric techniques. Studies were made to determine the effect of the presence 
of each of these dyes on counting efficiency. Stock solutions of Pontacyl Pink and Rhodamine-WT 
were diluted to the desired concentrations, and 2 ml of the dye solutions were transferred by pipette 
into the sample vials containing 16 ml of liquid scintillator. Each vial was then spiked with ‘H as 
trltiated water and counted. The results are presented in Table III and show essentially no change 
in counting efficiency in samples containing less than 1 mg of either dye per litre, but as the dye 
concentration increases, the light absorption characteristics of the sample are altered. 

TABLB III.--EFpEcT OF DYE ON cDUNTrNG EF’FrCraNCY POR ;H 

Weight of Pontacyl Pink RhOdldIE-WT 

dye in sample, mg Activity, cpm Efficiency, % Activity, cpm Efficiency, % 

0 18,730 17.4 18,639 17.3 
2 x 10-6 18,541 17.2 18,601 17.2 
2 x lo-’ 18,719 17.4 18,505 17.2 
2 x 10-a 18,377 17.1 18,218 16.9 
2 x 10-p 17,833 165 17,565 16.3 
2 x 10-l 14,061 13.0 13,897 12.9 

Krypton-85 counting 

The procedure for the preparation and counting of water samples containing dissolved 86Kr 
involves additional consideration since BsKr, being a gas, tends to diffuse out of its water matrix over 
a period of time. 

Standard samples of known B5Kr concentration were prepared by dissolving a water-soluble 
capsule containing %r atoms in a clathrate cage; in a l-gal glass bottle tilled with water and closed 
with a rubber stopper. The capsule and the solid dissolved in the water, releasing the %r as a gas, 
which also dissolved. The s%r-water mixture was allowed to equilibrate overnight, and a lO+ml 
sample was taken with a pressure pipette, diluted to 1.0 1. in a container that was then closed with a 
rubber stopper and left overnight. 
added to empty glass vials; 

Samples (2 ml) were then removed from the container and slowly 
16.0 ml of scintillator were added slowly down the sides of the vial thus 

minimizing losses of ssKr that might have been caused by splashing. The vials were capped and 
shaken once. Samples of the parent solution were also taken and the wKr concentration determined 
independently by the “ion-tube” method.* 

The liquid scintillation counter was set to count the tritium pulses in one of its channels (A) 
along with approximately 12 % of the %r pulses. The second channel (B) counted the remainder of 
the %r pulses. The results of counting 5 replicate samples are shown in Table IV and indicate that 

TABLE IV.-%r COUNTING WITH PARDALLY ~LL.ED VIALS 

Charmel A, Channel B, A + B, Efficiency*, 
CPm CPm CPm % 

2090 11,586 13,676 
2208 11,680 13,888 
2491 13,722 16,213 
2284 12,538 14,822 
2583 14,649 17,232 

* Based on an ion-tube determination of 35,551 dpml2.0 ml. 

38.5 
39.1 
45.6 
41.7 
48.5 

the counting of %r was not reproducible. The major di&ulty appeared to be a variable loss of 
8% gas from the sample once it was mixed with the liquid scintillator, since the total volume of 
liquid (18 ml) did not fill the 24-ml vial, probably because of diffusionof the gas from the liquid into 
the air space. To solve this problem the vials, containing the samples were tilled completely with 
liquid scmtillator. The counting experiment was repeated in this way, three counting cycles being 
run over a period of 3 days. The results in Table V indicate there was no noticeable loss of %r 
from solution during the 3day period. 

The results indicate that there is still some deviation, but this ls primarily a result of the techniques 
used to transfer the water sample from the parent container to the vial. It is obvious from Table V 
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TABLBV.-COMPARISON OF %r COUNTING RESULTS FOR A ~-DAY PERIOD 

Cycle 1, Cycle 2, Cycle 3, Mean, 
=Pm CPm CPm CPm Mean efficiency, % 

26,997 26,740 26,781 26,839 755 
23,486 23,475 23,568 23,510 66.1 
25,156 25,185 25,274 25,405 715 
25,824 25,185 26,123 25,711 72.3 
25,993 25,948 26,075 26,005 73.1 

that one sample contained a little less than the usual amount of 85Kr, which illustrates the importance 
of using replicate samples because an error introduced by faulty transfer would bias a single result. 
If that result is discarded, the mean efficiency for *Kr ranges from 71.5 to 75.5%. Another significant 
source of difference results from use of a pipette to transfer solutions of high activity. 

To facilitate the simuhaneous counting of tritium and krypton, the instrument was adjusted to 
decrease the proportion of *Kr counts in channel A in order to provide better separation of the 
observed aH and ssKr counts. This shift caused a slight decrease in the 8Kr counting efficiency. The 
results of counting five replicate samples are shown in Table VI. 

TABLEVI.-RESULTS OF COUNT~NCI PIVE REPLICATE a5Kr SAMPLES 

A, B, A + B, 

CPm CPM CPm AIB Efficiency, % 

2274 20,961 23,235 o-109 57-o 
2181 20,145 22,326 0.108 54.6 
2024 18,742 20,766 O-108 SO-9 
2195 19,987 22,182 o-110 545 
2203 19,633 21,836 0.112 53.6 

To determine whether the ratio A/B stayed constant when dye was present, several samples were 
prepared with varying amounts of dye and a constant concentration of %r. The results in Table VII 
show a de&rite change in the A/B ratio when high concentrations of dye are present. Light absorption 
by the dye decreases the light intensity observed by the analyser, giving the impression that more 
low energy events are being observed. There is no observable effect, however, at the dye concen- 
trations expected in field samples, and, in fact, no signiiicant effect of dye at concentrations below 
20 mg/l. The effect is important for undiluted samples. 

TABLE VII.-CHANGE IN A/B RATIO WITH 
RH~DA~~INE-WT DYE CONCENTRATION 

Dye concentration, 
m&l AIB 

o-1 0.109 

1; 0.112 0.115 
20 o-120 

1: 0.141 0.178 

SIMULTANEOUS COUNTING OF TRITIUM AND KRYPTON-85 
IN A SINGLE SAMPLE 

Based on the foregoing results, a procedure was devised for counting both nuclides 
in a single sample. The method of sample preparation was that used for Wr analysis, 
i.e., completely filled vials. A third channel on the analyser was also utilized. The 
instrument is equipped with an external 22aRa source, which bombards the liquid 
sample with y-rays. On striking the sample the y-rays are diminished in energy and 
Compton electrons are emitted that interact with the liquid scintillator to produce a 
light pulse of characteristic wavelength. This emission is a function of the sample 
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characteristics and is relatively independent of the amount of SH and %r activity 
present. The electronic pulses produced as a result of the Compton electron inter- 
actions are recorded on channel C. From the count rate of an unknown sample and a 
standard curve of efficiency US. channel C count rate, an efficiency factor can be 
obtained that is used to determine the absolute disintegration rate for each nuclide. 
This extra channel makes it possible, for example, to correct for the effects of the dye. 

0 3cm loom ISCXXI zoo00 2woo 3ocm 

Channel C count rate 

FIG. I.-Tritium counting efficiency us. channel C count rate. 

The standard curve for SH counting was obtained by preparing a set of standards 
containing known amounts of tritium activity and quenched with Rhodamine-WT 
dye. Figure 1 shows a plot of tritium counting efficiency VS. channel C count rate. 
Preparation of a standard curve for =Kr was somewhat more diEcult because &Kr 
counts are registered in both channel A (tritium channel) and channel B. As indicated 
above, the ratio A/B is not constant when varying amounts of Rhodamine-WT dye are 
present in the sample. The shit in the A/B ratio must be taken into account when 
samples of the undiluted mixture are analysed. It is true that the concentration of dye 
in the samples collected after dilution by the stream was not expected to exceed the 
limit at which A/B would shift but the correction factor was incorporated for cases in 
which the dilution was not very great. It was therefore necessary to obtain a curve for 
the ratio A/B us. channel C count rate. This curve is shown in Fig. 2. By use of this 
curve and a standard curve for *%r counting efficiency VS. channel C count rate 
(Fig. 3), unknown sample count rates were corrected back to an absolute disintegra- 
tion rate. 

When the standard curves (Figs. l-3) are used to obtain efficiency factors for both 
*H and @Kr, channel A is first corrected for the presence of =Kr counts. Equations 
(1) and (2) are used to calculate the concentrations of 3H and %r in dpm in a single 
sample. 

3H = 
A T+K - x(BK) 

ET 
0) 

atjKr _ BK + X0 - 

EK 
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A/B 

FIG. 2.-Channel C count rate US. A/B (%r) in presence of Rhodamine-WT. 

?mo IOGQO 15coo mm0 25000 30000 

Channel C cad rate 

where 

FIG. 3.-Krypton-85 counting efficiency vs. channel C count rate. 

sH = concentration of tritium in dpm present in the sample 
=Kr = concentration of krypton-85 in dpm present in the sample 

A,+, = gross count rate in channel A attributed to both tritium and the fraction of 
W.r counts falling in that channel 

BK = gross counts in channel B attributed to Wr only (tritium counts do not 
occur in channel B because of the gain and discriminator settings) 

X = A/B ratio obtained from A/B vs. channel C standard curve (Fig. 2) 
ET = efficiency factor for tritium, obtained from Fig. 1 
EK = efficiency factor for krypton-85, obtained from Fig. 3. 

Several replicate samples were prepared from a standard mixture of SH, Wr, and 
Rhodamine-WT dye. The mixtures of sample and liquid scintillator were counted for 
enough time to obtain acceptable statistics for *H and %Kr. Table VIII presents the 
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TABLE VIII.-DETERMINATION OF aH AM) %r M A SINGLE SAMPLE ALIQUOT* 

Channel 
A cpm 

Channel 
B, cpm 

Channel 
C, cpm 

‘HH, 
+m 

sxr 
dpm’ 

4477 18,750 26,732 14,878 36,084 
4498 18,685 25,236 14,830 36,684 
4551 19,214 26,372 14,926 37,153 
4485 18,724 26,853 14.973 35,976 
4534 18,871 25,716 15,008 36,811 
4501 19,373 27,053 14,553 37,125 
4480 18,771 26,577 14,857 36,198 

* Sample contained 14,850 dpm of tritium, 36.500 dpm of %r and 100 ppm of 
RhodamineAVT dye. 

gross count rate obtained in the three channels of the instrument, corrected for back- 
ground, and the final calculated results for 3H and =Kr, based on overall efficiencies 
of 14.3 and 58-4%, for 8H and sSKr respectively, as derived from the standard curves. 

assung-Zur 
G% 

gleichzeitigen Bestimmung von Tritium und 
in w&&en Liisungen mit Fltissigkeits-Szintillations- 

verfahren wurden analytische Vorschriften entwickelt. Der EinfiuR 
van Probengrofle, Wassermenge und Farbstoff wurden untersucht. 

R&zmt&On a Clabor6 des mtthodes analytiques pour le dosage 
simultane du tritium et du krypton-85 en solutions aqueuses par des 
techniques de scintillation liquide. On a &udie les effets de la dimension 
de l’echantillon, de la quantite d’eau, et des colorants. 
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Abstract-A method is proposed for the identification of thiols by 
examination of their complexes with tetra-acetoxymercurifluoresoein 
(TMF). It is based on the determination of the fluorescence intensity 
as a function of pH and exciting wavelength, and of absorbance as a 
function of pH at 465 and 510 m,u. The relative fluorescence of the 
complexes does not depend on the wavelength of the exciting light in 
the range 460-500 rnp. The presence of a carboxyl group in the thiol 
molecule results in a strong increase of fluorescence with increasing pH 
and an exciting wavelength >500 mp. 

DI- AND TETRA-ACBTOXYMERCURILUORESCEIN (DMF and TMF) give in alkaline 
solution a green fluorescence which is quenched by compounds containing the sulphy- 
dry1 group and this reaction has been proposed as the basis for trace analysis of some 
sulphur compounds. l4 TMF has been used by Havi2 et aL5 for the detection of 
sulphur compounds on paper, by Andrew and Nichols6 for the continuous determina- 
tion of hydrogen sulphide in the atmosphere and by Yanvysheva’ for the determination 
of sulphur in phosphorus. I&rush et aZ.* have used DMF for the detection of di- 
sulphides. 

A more detailed study of the idea of identifying sulphur compounds on the basis 
of their quenching effect on the fluorescence of TMF4 has been undertaken in connec- 
tion with a new method for the determination of the amino-acid sequence in wool. It 
has been shown9 that after partial hydrolysis of wool and reduction with hydrogen 
selenide the resulting cysteine peptides can be separated by means of organic mercury 
compounds. The further work involves the resolution of the mixture into its constit- 
uents, and the determination of the structure and amino-acid composition. One 
approach to this is based on the examination of the TMF complexes. This method of 
identification of thiols in trace amounts may be valuable for investigation of certain 
biochemical and chemical transformations of sulphur compounds. It is essential, 
however, that the thiols should be completely separated from each other first, because 
the method applies only to characterization of individual thiols and is not applicable 
to their mixtures. 

Apparatus 
EXPERIMENTAL 

Fhorimeter. Fluorescence intensity measurements were carried out with a Zeiss “Spekol” 
epectrophotometer equipped with a 1 x O-8 cm cell and a TGL 10619 lamp. 

Reagents 

Tetra-ac~toxymercun_fIuorescein (TMF). F’repared by White’s procedure.lO The mercury content 
was found by the thioglycollic procedure” to be 58.8%. A 5 x lo-‘N solution of TMF was prepared 
by dissolution of 17.1 mg of TMF in 5 ml of O.lM sodium hydroxide, followed by dilution to 100 ml. 
This solution was kept for not longer than 4 days. For measurements the solution was diluted with 
water to 5 x 10-BN. The diluted solution was stored in a dark flask and used within 2-10 hr of 
preparation. 

241 
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Thio compounds. Thiols 1-8, 10-12 and 14 (see Table I) are commercially available and were 
generously donated by Prof. S. Veibel (Technical University of Copenhagen) and Dr. V. Chrom$ 
(&+tav Cistych Chemikalii, Bmo). Acetylqsteine was prepared by the procedure of Fruton and 
CIarke,ll and ~-me~pto~opio~de by reaction between acrylamide and sodium disulphide, 
followed by reduction with hydrogen selenide. I* The details of preparation of benzoylcysteine wifl 
be given in another paper. The cysteinylvaline was prepared from the corresponding disulphide 
(generously given by Dr. K. R. Harrap, Chester Beatty Research Institute, London) by reduction with 
hydrogen selenide. 

Buffer solutions. The buffer solutions for the pH range 3.8-5.6 were prepared by mixing 0+4M 
acetic acid with 0.4M sodium acetate, and for pH range S-8-7*8 by mixing 0.2M mono- and disodium 
phosphates. De&molar solutions of borax and sodium carbonate were used for pH 9.24 and 11.1 
respectively. All pH values were verified with a pH-meter after 1: 1 dilution with water. 

Procedure 
The thiol investigated was dissolved in water, and after its concentration had been determined by 

titration with u-hydroxymercuribenzoic acid la it was adjusted to approx. 1O-d N. The calculated 
amount of this solution was added without delay to a solution containing 2 ml of buffer solution and 
1 ml of 5 x 10-&N TMF, and the mixture was diluted to 4 ml with water. A solution of the same 
composition but without thiol was used as reference, and the relative fluorescence, F,, was measured. 
To examine the change of fluorescence with pH a fluorescent glass was used as reference. The 
dependence of the fluorescence on the wavelength of excitation was determined by reference to the 
fluorescence of the blank at 505 rnp. 

If the fluorescence altered with time, the results were extrapolated to the time of preparation of the 
Sample% 

RESULTS 

EJects of the joint of thiol added 

One mole of TMF is able to bind 4 sulphydryl groups, forming four Hg-S bonds. 
It has been found that the intensity of fluorescence decreases with increasing thiol 
(RSH) content in the complex until the composition TMF : RSH = 1: 2 is reached and 
then increases again to a constant value at TMF: RSH = 1:4. Further addition 
of thiol has no effect on the i’tuorescence. The fluorescence at composition 1:2 
depends on pH, excitation wavelength, and thiol used. At 500 rnp and pH 9.24 the 
minimum fluorescence is ~55 o/o of that at composition 1:4. Further investigations 
were therefore performed with 4eU.8 equivalents of thiol per mole of TMF. 

E..ect of excitation waueZ~gt~ 

The influence of the excitation wavelength on fluorescence intensity at pH 1 l-1 is 
shown in Fig. 1. The maximum for the blank and the cysteamine complex is attained 
at 505 rnp, whereas for cysteine and glutathione the maximum is shifted to 515 rnp. 
The great differences in fluorescence intensity of TMF complexes can be observed. 
As a result of the displacement of the maximum fluorescence to the longer wavelengths, 
the curves for cysteine and glu~t~one intersect the blank curve at 527 and 519 rnp 
respectively. Consequently at exciting wavelengths longer than that at the point of 
intersection the addition of the corresponding thiol to TMF results in an increase 
of fluorescence, As far as could be established, this shift of maximum fluorescence is 
due to the plesence of a dissociated carboxyl group in the thiol molecule. Moreover, 
the presence of such a group results in a strong increase of fluorescence (cz the 
cysteine and cystea~ne complexes). 

E$ect of pH 

The effect of pH on the fluorescence intensity is indicated in Fig. 2. For the blank 
the greatest change is in the pH range 5.2-6.8. At a pH lower than 5.5 the fluorescence 
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440 460 460 500 520 540 

Excitation wavelength, rnp 

FIG. L-Fluorescence intensity of TMF comp1exe.s with thiols as function of the exciting 
wavelength. 

l -TMF without thiols ; x -TMF-glutathione; 

O-TMF-cysteine; A-TMF-cysteamine 

PH 

FIG. 2.-~uorescence intensity of TMF complexes with thiols as function 
exciting wavelength 500 rnj4. 

l -TMF without thiols; 
O-TMF-cysteine; 

x -TMF-acetylcysteine; 
A-TMFcysteamine 

of pH at 

intensity of the cysteamine complex is greater than the fluorescence of the blank. 
That means that in acid solution the addition of cysteamine increases the fluorescence 
of the blank containing TMF. Above pH 7 the fluorescence of the cysteamine 
complex no longer depends on pH; however, as a result of the increase of the fluores- 
cence of the blank reference sample the relative fluorescence decreases. The fluores- 
cence of complexes of cysteine and acetylcysteine increases with pH over the whole 
range investigated. 
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E#ect of excitation wavelength andpH on relativejuorescence 

The relationship between excitation waveiength and relative fluorescence at 
different pH vahzes is shown for some thiols in Figs. 3-5. The F’ values are independ- 
ent of the excitation wavelength in the range 460-495 rn,~ for all thiofs investigated, 
regardless of pH. The changes in the relative fluorescence as the exciting wavelengths 

A 

.--t-F-?-? 

460 480 500 520 540 460 480 500 520 540 460 480 500 520 540 

Excitatron wavelength, mp 

?3G. 3 FIG. 4 FIG. 5 

FIG. 3.-Relative fluorescence of TMF-cysteine complex as function exciting 
wavelength at different pH values 

O--pH 6.73; x-pH 740; .-pH 924; A-pH 11.1 

FIG. 4.-Relative fluorescence of TMF-glutathione as function of exciting wave- 
length at different pH values 

O--pH 6.73; x-pH 740; #-pH 9.24; A-pH 11.1 

FIG. J.-Relative fluorescence of TMF-cyskamine and TMF-acetylcyskine complexes 
as-function of exciting wavelength at dierent PH. 

Curves l-4, TMF-cysteamine; curvea 5-8, TMF9cetylcysteine. 0-pH 6.73; 
x-pH 740; .--pH 9.24; A-pH 11.1 

increase beyond 500 rnp depend on the thiol and the pH, and can be divided into four 
classes. 

1. Relative fluorescence does not change, e.g., the complex of cysteine at pH 740. 
2. Relative fluorescence shows a small decrease which may be followed by a small 

increase, e.g., the complex of cysteine at pH 6.73 and of cysteamine at pH 6*73,740 
and 9.24, 

3. Relative fluorescence shows a small increase, e.g., the complex of cysteamine 
at pH 11.1. 

4. Relative fluorescence increases strongly, e.g., the complex of cyst&e at pH 
924 and 11.1, and the complexes of acetylcysteine and glutathione. 

A strong increase in F? at high pH with increasing excitation wavelength above 
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500 rnp indicates the presence of a carboxyl group in the thiol molecule. The influence 
of pH shows that the effkct is due to the dissociated carboxyl group. The dissociation 
constant of the carboxylic group in the TMF complexes can be very different from 
that of the free thiol. The changes of the fluorescence with pH are very suitable for 
characterizing mercaptocarboxylic acids. 

It is clear that the most important information can be obtained by determination of 
relative fluorescence in the pH range 67-11, at two exciting wavelengths, one below 
and one above 500 q. The wavelengths chosen were 495 and 525 nq and the results 
obtained are summarked in Table I, from which some interesting conclusions can be 

TAXB I,-Tmr RJZA~WE FLUORESCFiNCES OF TX8 COMPLEXES OP TRTRA-A~XTQ~CURI- 

FLUORFBCHN WITH THIOL3 AT VARIOUS pa VALUJS AND EXClllNG WAVl?LRNc3THS, (TMF 
SOLUTION WNRER THE SAME CONDfiIow AS REPERENCE) 

Excitation at 495 rnp Excitation at 525 rnp 

pi-l 6.73 7.40 9.24 11.1 pI% 6~73 740 9.24 11.1 

1, Methyl mercaptan 0.20 0.30 0.28 0.26 0.12 0.20 0.30 @25 
2. O-09 0.14 0.21 0.18 0.05 O-08 0.19 0.17 
3, 

/%Mercaptoethanol 
Cyateamme 0.26 O-24 OC?O 0.19 0.17 @I6 0.16 0.24 

4. ~oglycol~~ acid 0.25 O-42 0.55 O-56 0.40 0.70 %*I0 1.13 
5. 
6. 

~-M~~ptop~pioni~ acid o-21 0.33 o-53 0.54 O=24 u-44 1*&L? l*oQ 
Thiomaiic acid 0.16 @30 0.53 0.53 0.19 0.48 1.14 1.16 

7. Thioglucoae 0.34 040 0.41 0.34 0.35 0.42 054 0.39 
8. Thioglycollamide 0.29 0,33 0.34 0.30 0.28 0.32 0.39 O-34 
9. &Mercaptopropionamide O-23 0.28 0.32 0.33 0.22 0.26 0.41 0.46 

IO. Penicillamine 0.25 0.33 0.46 0.41 0.27 0.40 1.09 122 
11, Homocyateme Q23 O-24 0.24 048 0.17 O-19 0.23 094 
12. Cyateine o-27 0.31 o-35 o-41 0.22 O-31 054 0,98 
13. N-AcetyIcyateine o-34 OYSl 060 0.62 055 0.85 1.16 128 
14. IV-Beuzoylcyateine 0.27 0.38 040 0.39 0.87 1.17 1.43 1.30 
15. 0.37 0336 0.47 0.47 0.49 0.47 1.05 1.10 
16. 

Cysteinylvalme 
Ouhathione 0.44 0.54 0.58 0.61 0.77 1+30 1.24 1.35 

drawn, First there is a remarkable difference between thials containing and not 
containing the carboxyl group: thiols contaming the carboxyl group are indicated by 
(1) F, r 0*9 at 11-l and 525 mp, (2) at pH 11.1 the ratio oftherelativefluorescences 
at 525 and 495 rnp is >1*9, (3) at 525 rnp the increase of F, with increasiug in pH 
from 6.73 to 11.1 is >0*45; for thiols without a carboxyl group the corresponding 
values are (1) 0*17-@46, (2) W-1*4, (3) OG4-O-24. On this basis the presence of the 
carboxyl group can easily be detected. 

The conversion of the earboxyl into the amide group exerts a small effect at low 
pH and 495 rnp, and a very strong one at high pH and 525 rnp. The differences in F, 
for various thiols depend on pH and exciting wavelength. In order to ascertaiu which 
of the kuown thiols is present in the sample, the conditions corresponding to the 
greatest differences of F, values should be chosen, e-g. f the most favourable conditions 

tct decide between cysteine, hom~steine and pencillamine are at 525 my and pH 
924. 

Ethyl-, n-butyl- and beuzylmercaptan and pthiocresol in the form of the TMF 
complexes give at pH 9*24 F, values of 024,0*21,0~13 and 0.08. There is no distinct 

influence of exciting wavelength on these values. 
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Characterization of thiols from pH-absorbance curves 
Although the F, values are sufEeient for characterizing and iden~~g many thiols, 

additional notation is required for confirmation. This can be obtained from absorb- 
ance measurements at various pH. Complexes of TMF with thiols are yellow in acid 
solution and red to pinkish orange in alkaline solution, the change of the colour with 
pH being reversible. The maximum absorption of the yellow complex occurs at 
465 rnp and of the red one at 510 rn,~, With increasing pH the absorbance at 465 rnp 
decreases and at 510 rnp increases, the curves intersecting at a pH value characteristic 
of the thiol concerned. This pH may be called the conversion point. 

Procedure. To the solution containing 2 ml of bufTer and 2 ml of 5 x 1tPN TMF add the thiol 
in excess (<l ml), dilute to 5 ml, and measure the absorbance at 465 and 510 rnp in OL I-cm cell. 
Repeat for various pH values and find the conversion point graphically. 

Some results found by this procedure, Table II, show that the conversion points 
increase in general with increasing acidity of the thiols, from 5.23 for cysteamine to 

TABLsII,-THE pH VALUW (CONvERSION POINTS) CORRE- 
spo~oplo M EQUAL ABWRBAN~!E AT 465 rnfi AND 510 mj~ OF 

THE TMF-THCOL COMP~ 

l-hi01 PH 

Cysteamine 
Thioglucose 
Glutathione 

B?i::ptoethano, 
j?-Mercaptopropamide 
Thioglicollic actd 
~-Mer~ptopropio~~ acid 
Thiomalic acid 

5.23 
5.80 
6.15 
6.35 
6.35 
640 
6.50 
6.70 
7.00 

7.00 for thiomalic acid. Although these conversion points have no distinct physical 
meaning they can be used as an additional characteristic of thiols. The complexes of 
thiols such as methyl-, ethyl- and phenylmercaptan change colour from orange in acid 
solution to red in alkaline solution and cannot be identified by the procedure given 
above. 

On the basis of the results described in this paper the TMF method appears to be 
very suitable for identification of thiols. For this purpose the relative fluorescence 
should be determined under the conditions given in Table I. If the thiol which is 
supposed to be present in the sample is available, the measurements can be repeated 
with TMF complex of the known thiol as reference. If the relative fluorescences found 
in this way are equal the identity can be considered as proved. Only a single thiol 
must be present in the sample. 

-Es wird vorgeschlagen, Thiole durch Untersuchung 
ihrer Komplexe mit TetraacetoxymercuriBuorescein (TMF) zu iden- 
titkderen. Das beruht auf der stung der Fluo~~~~it~t 
als Fnnktion von pH und ~~~we~e~~n~ sowie der Absorption 
als Funktion des pH bei 465 und 510 mn. Die relative Fluoreszenz der 
Komplexe h+ugt hn Bereich 460-500 mn nicht von der Anregungs- 
wellenliinge ab. Eine Carboxylgruppe im Thiohnolekiil ergibt ein 
starkes Ansteigen der Fluoresenz bei steigendem pH und einer Anre- 
gungswellenl&uge tiber 500 nm. 
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R&m&-On propose une methode pour l’identification des thiols par 
examen de leurs complexes avec la t&a-ac&oxymercuriSuore&me 
(TMF). Elle est basQ sur la d&ermination de I’intensitC de fluoremence 
en fonction du pH et de la longueur d’onde d’excitation, et de l’ab- 
sorption en fonctlon du pH B 465 et 510 m,& La fluorescence relative 
des complexes ne depend pas de la longueur d’onde de ‘la hrmiere 
excitatrice dam le domaine 460-500 m,e. La presence d’un groupement 
carboxylique dam la molecule de thiol a pour consequence un fort 
accroissement de la fluorescence lorsque le pH crolt, et une longueur 
d’onde excitatrice > 500 w. 
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Summary-The extraction of silver, mercury, selenium, zinc, cobalt 
and iron with tridodecylamme (TDA) and tributyi phosphate (TRP) 
from hy~~hloric acid solutions in aqueous methanol, ethanol and 
acetone is reported. The presence of these additives increases extraction 
for some elements and decreases it for others. The effect is generally 
greater with TDA than with TRP. 

IN A previous paper’ the extraction of antimony with tertiary amines from various 
acidic media was reported; when methanol, ethanol or acetone was added to aqueous 
hydroc~o~c acid solutions, the extraction of antimony was enhanced considerably. 
This increase has been interpreted as due to the decrease in hydration as the mole 
fraction of water decreases, which in turn brings about an increase in the formation 
of extractable antimony complexes. 

In the present communication the work is extended to some other elements, which 
on irradiation give rise to long-lived radioisotopes. The separation of such radio- 
isotopes is often required, e.g., in activation or isotope- dilution analysis. Results on 
the extraction of silver, mercu@), seIenium(IV), zinc, cobalt@) and iron(III) with 
tridodecylamine (‘IDA) and tributyl phosphate (TBP) are presented. 

Apparatus 

As d&bad bef0re.l 

EXPERIMENTAL 

Recllpents 

Solutions of TDA and TRP were prepared by dissolving the appropriate amounts in reagent- 
grade xylene. Other reagents were prepared from analytical-grade chemicals. 

‘l”Ag, m”*Hg , 
elsewhere.’ 

YSe, 65Zn, aOCo and rrFe were used as tracers and were prepared as described 

JXxtraction experiments were performed in the usual way1 and the distribution coe&ient (E) 
was taken to be the ratio of the activities of the tracer in the organic and aqueous phases. Deterrmna- 
tions were carried out only in duplicate, because of the high reproducibility of the results. Microgram 
or tracer amounts of the elements were used, and equal volumes (usually 10 ml) of the organic and 
aqueous phases. 

249 
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RESULTS AND DISCUSSION 

The behaviour of the elements in the presence of organic additives can generally 
be explained in terms of the known mechanisms for TDA and TBP extraction:3-7 

mTDAHC1 + MCl;;,, + (TDAH);MCI,+, + &I- (l) 

mTBP + Mn+ + nCl- + (TBP);MCl,. (2) 

Although other mechanisms have been proposed,s it is not within the scope of this 

Paper to prove which of the alternatives-occurs. 

Organic Solvent added, vol. l /m 

FIO. I.--Effect of organic additives on E for Ag. 
a-methanol in 03M HCl; OG6M TDA 
b-ethanol in 0*5M HCl; OG6M TDA 
c-acetone in 13M HCl; @06M TDA 
d-methanol in 13M HCl; 0435M TDA 
e-ethanol in 1*5M HCl; 046M TDA 
f-methanol in 6M HCI; 0.06M TDA 
g-ethanol in 6M HCI ; 046M TDA 
h-ethanol in 6M HCl; 50% TBP 
i-methanol in 6M HCl; 50 % TBP 

Data on the extraction of silver with 0.0644 TDA from 05, 1.5 and 6A4 hydro- 
chloric acid (Fig. 1 curves a-g) show that, contrary to the behaviour in the antimony 
extraction, E for silver decreases with increase in the organic solvent concentration; 
the effect becomes more marked in the order acetone < methanol < ethanol. Thus 
the value of E decreases from 11.5 in 1.5M hydrochloric acid to 0.3 when 1.5M 
hydrochloric acid in 50 % v/v aqueous ethanol is used. 

On the other hand E for silver increases slightly with increasing concentration of 
organic additive in the TBP extraction (Fig. 1 curves h and i). This contirms that 
the mechanism of silver extraction with TBP is different from that with TDA. The 
decrease in TDA extraction of silver is possibly due to competition between HCl,- and 
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A&l,- for the protonated amine TDAH +; the formation of the amine dichloride 
(TDAH+-HCl,-) has been confirmed by many authors.5-6 The value of E for silver 
therefore decreases in the presence of organic additives as well as with increase in 
the concentration of hydrochloric acid itself in the absence of organic solvents 
(Table I). 

TAIKE I.-EFFET OF METHANOL ON TDA -CTION OF SILVER AND 
MWCURY IN THE PRESENCE OF VARIOUS MlNCENTRATTONS OF HYDROCHLORIC 

ACID 

Original [HCI] in Methanol in 
aqueous phase, aqueous phase, 

M % v/v 

E 

4 WZ 

o-5 0 60 - 
1x5 11.16 77 
1.8 8-13 69 
2.1 6.75 54 
24 4.42 57 
2.7 3.85 59 
285 3.27 63 

0.5 5 47 - 
1.5 8.5 62 
2.85 2.85 52.7 
6.0 0.37 - 

0.5 10 37.5 - 
1.5 6.2 51.0 
2.7 2.42 38.5 
60 0.32 - 

0.5 20 20.5 - 
I.5 3.5 320 
2.4 1.73 21.0 
6.0 025 - 

0.5 
1.5 
2.1 
60 

0.5 
1.5 

;:; 
0.5 

30 11.5 
2.0 
1.34 
0.19 

- 
20.5 
17.6 
- 

40 6.0 
1.3 
1.03 
0.15 

50 3.5 
0.8 
0.12 

- 
11.3 
10.3 
- 

GIL9 
- 

The presence of organic additives also brings about a considerable decrease of E 
for mercury extraction with TDA, but only a very slight decrease of E for extraction 
with TBP (Fig. 2 and Table I). The behaviour of mercury can be explained in the 
same way as for silver. 

Selenium extraction with both TDA and TBP increases at first slowly and then 
sharply with increasing concentration of organic additive (Fig. 3). The behaviour of 
zinc (Fig. 4) is very similar to that of mercury. 

The effect on the extraction of cobalt increases in the order water < methanol < 
ethanol < acetone with either TDA or TBP. Thus the value of E for cobalt extraction 

D 
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FIG. 2.-E&t of organic additives on E for Hg. 
a-acetone in 1.5MHCl; 0.06M TDA 
b-methanol in 15MHCI; 0.06MTDA 
c-ethanol in 1*5&f HCl; 046M TDA 
d-ethanol in 15M HCl; 50 % TBP 
e-methanol in 15M HCI ; 50 % TBP 

7 

0.11 I I 1 
0 IO 20 30 ;o 5 

Organic Solvent addtd,vol.*h 

FIG. 3.-E&t of organic additives on E for selenium. 
a-methanol in 6M HCl; 046M TDA 
b--ethanol in 6M HCI; 046M TDA 
c-methanol in 6M HCl; 50 % TBP 
d-ethanol in 6M HCI ; 50 % TBP 
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FIG. 4.-Bffect of organic additives on E for zinc. 
a-acetone in 15MHCI; OSWI’DA 
b-methanol in 15M HCI; @O&V TDA 
c-ethanol in 15M HCI; 0*06M TDA 
d-ethanol in 6MHC.I; 50% TBP 
e-methanol in 6.M HCI ; 50 % TBP 

with TBP increases from less than 0.1 in pure aqueous 6M hydrochloric acid to more 
than 1 in 6M hydrochloric acid in 50% v/v aqueous ethanol (Fig. 5). 

The extraction of iron is only slightly affected by the presence of organic additives. 
It decreases for TDA and increases for TBP (Fig. 6), the slight change in the case 
of TDA extraction is due to cancellation of the two opposing effects; the decrease 
in hydration leads to an increase in extraction and the formation of amine dichloride 
leads to a decrease. 

Applications 

Both silver and mercury are highly extractable and cannot be separated from each 
other in pure aqueous hydrochloric acid solutions of low acidity; from 1.5M hydro- 
chloric acid the respective E values are 11-2 and 77 for extraction with 0.06M TDA. 
On the other hand, the corresponding E values for 1.5M hydrochloric acid in 50 % v/v 
aqueous ethanol are O-3 and 4.0. Accordingly the two elements may be easily separated 
by the selective extraction of mercury with the latter extraction system. Alternatively 
silver and mercury, which are co-extracted with TDA from pure aqueous hydrochloric 
acid solutions may be easily separated by the selective stripping of silver from TDA 
by 1.5M hydrochloric in 50 % aqueous ethanol. This is more convenient than stripping 
with concentrated hydrochloric acid* for obvious reasons. 

Selenium can be separated from silver by extraction with O-06M TDA from 
1.5iU hydrochloric acid in 50% aqueous ethanol and from both silver and mercury 
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FIG. 5.-Effect of organic additives on E for cobalt. 
a-acetone in 6M HCI; 046iU TDA 
b-ethanol in 6M HCl; 046M TDA 
c-methanol in 6iU HCl; 046M TDA 
d-ethanol in 6M HCl ; 50% TBP 
e-methanol in 6M HCI ; 50 % TBP 
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FIG. 6.-Effect of organic additives on E for iron. 
a-methanol in 1.5M HCl ; 046M TDA 
b-ethanol in 1*5&f HCI; OGM TDA 
c-ethanol in 6M HCl ; 50 % TBP 
d-methanol in 6M HCI ; 50 % TBP 
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by extraction with 50 % TBP from 13I4 hydrochloric acid in 50 % aqueous methanol. 
Such separations cannot be achieved from pure aqueous solutions. 

Conclusion 

The reported data are concerned with submilligram amounts of the studied 
elements, which is of special interest in working up elaborate radiochemical separation 
procedures. It would also be valuable to study the extraction of macro (gram) 
amounts of these elements in the presence of water-miscible organic additives, and 
to investigate more widely the nature of the extraction mechanism. The work can 
also be extended to other elements and to other solvents which form ion-association 
complexes in the organic phase. 

Zasammenfpssung--Es wird tiber die Extraktion von Silber, Queck- 
silber, Selen, Zink, Kobalt und Eisen mit Tridodecylamin (TDA) und 
Tributylphos hat 
Methanol, B 

(TBP) aus salxsauren Msungen in w%igem 
than01 und Aceton berichtet. Die Gegenwart dieser 

Zus%ze verbessert die Extraktion einiger Elemente und vermindert sie 
bei anderen. Bei TDA ist der Effekt im allgemeinen griX3er als bei 
TBP. 

R&sum-n d&it l’extraction de I’argent, du mercure, du s&%ium, 
du zinc, du cobalt et du fer au moyen de tridodecylamine (IDA) et de 
tributylphosphate (TBP) B partir de solutions dans l’acide chlorhydrique 
en methanol, ethanol et acetone a ueux. 
accrott l’extraction puor quelques 1 

La presence de ces additifs 
lements et I’abaisse pour d’autres 

l’effet est generalement plus important avec TDA qu’avec TBP. 
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SHORT COMMUNICATIONS 

Neutron A~~v~~~ Analysis by Standard Addition md Solvent Extr8etion. 
Determination of Impurities in Thorium and Iron 

(Received 12 April 1967. Accepted 20 Juty 1967) 

IN a previous paper’ a separation scheme was described for the simultaneous determiilatiOn of 
scamlmm, cobalt, iron, zinc, silver, mercury, chromium and rubidium in ahuninium by neutron 
activation analysis. The induced Wo, 6sFe, %n, X1oAg and “O*Hg are fractionated by ~d~~~ne 
(EDA) extraction. The induced %Sc is extracted with t~butylphosphate @‘BP), while Wr and 
-Rb are determined in the aqueous solution by gamma-ray spectrometry. rrsPa which is obtained 
in one of the fractions was shown in another paper* to be separated from Vo by extraction with 
thenoyhrifluoroacetone (PTA), thus allowing the determination of thorium in aluminhun. 

In the present communication studies have been performed in order to improve the separation 
procedure and to make it suitable for the determination of trace elements in thorium and iron. 

Studies on the extractability of I1*Ag, GZn and *OrHg with 0+3MTDA have shown that the 
degrees of extraction of the three radionuclides from 12&f hydrochloric acid are 1, 97 and 99% 
respectively. Accordingly llOAg can be stripped with 12.&f hydrochloric acid from the TDA extract 
before the elution of %n with 1M nitric acid; this makes possible the determination of silver and 
mercury in separate fractions. 

~eterm~tion of ~~~~ in tiwium nitrate 
Elements present in trace amounts in thorium affect its physical metallurgy and the neutron 

economy in the “breeding” reaction: 

*mPa8-_ sYJ 
27d 

(1) 

Methods for the determination of trace elements in thorium have been developed.8 Emission spectro- 
scopic methods have been widely used for the determination of many impurities in thoriumf while 
chemical methods, because of their greater accuracy, are sometimes of major importar~ce.~-~* 

The application of neutron-activation methods to the determination of impurities in thorium 
and its concentrates is dXicuIt, owing to the very high activity induced from thorium as a result of 
neutron irradiation. Thus, as can be seen from reaction (1) di&ulties will be met with in the deter- 
mination of impurities giving rise to both short and long-lived radioisotopes. Methods of separation 
which would tzrve high decontamination factors from activated matrix comuonents should therefore 
be applied, s&e no?ooling can be allowed. 

1) 

Samples of thorium nitrate (about 250 mg) are wrapped in thin ~~~ foils. For quantitative 
analvsis. the stim~Ies and standards are &aced touether in an alumimum can and irradiated as 
de&bed previou&y.’ 

X 

Each thorium sample is carefully removed from the ahrminium foil, transferred to a 1004 beaker 
and sub 

1 
uently dissolved in 1.3M hydrochloric acid. The foil is washed with the minimium 

quantity o 1M nitric acid. The solution is then transferred to a 2%ml graduated flask, the inside 
walls of the beaker being washed with 1.3M hydrochloric acid, and then made up to the mark with 
1*3M hydrochloric acid. 
nuclides. 

The extraction of rraPa with TTA*J’ is applied for its separation from other 

By two successive extractions with O*%f TTA in xylene, Wpa (together with 5%) is ahnost 
completely removed from the irradiated thorium solution. The volm of organic and aqueous 
phase used are in 2:1 ratio. About 60% of DgFe together with major proportions of the other radio- 
nuclides remain in the aqueous phase. Owing to the very high activity of the induced %, shaking 
should not be done by hand but on a suitably shielded mechanical shaker. The time required for 
reaching extraction equilibrium with TTA on the shaker is about 15 min. 

257 
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The thorium solution is then made 6M in lithium chloride and 3M in hydrochloric acid; the 
extractability of isotopes from this medium with 0*3M TDA is similar to their extractability from 
25M aluminium chloride-15M hydrochloric acid. In other words cobalt, niobium, iron, silver, 
zinc and mercury can be extracted with @3M TDA from 6M lithium chloride3M hydrochloric acid, 
while scandium, chromium, rare earths and rubidium remain in the aqueous phase.. Traces of pro- 
tactinium (which may be left after extraction with ‘ITA) will also be extracted from this medium. 
Fractions containing cobalt, iron, silver and zinc are therefore contaminated with traces of =Pa. 
The possibility of eliminating rrsPa by another extraction with TTA has been considered. The 
extractability of rsrPa and the other isotopes with TTA from various media is shown in Table I. 

TAIU I.-EYJRAC~ION OF nssPa AND ormm ISOTOPES WITH 05M TTA 

Medium Isotope Extraction, % 

1.7M HCI 

3M HF-0.SM HCl 
12M HCl 

lMHNOa 

99 
0.1 
0.1 
- 

79 

9? 
0.1 

It can be seen that the 1.7M hydrochloric acid, 12M hydrochloric acid and 1 M nitric acid fractions 
can be partly freed from rssPa by one or two extractions with ‘ITA. Recovery values greater than 50 % 
for iron and 80 % for the other isotopes are obtainable, while satisfactory reproducibility of separation 
is achieved. 

When the modified separation scheme was applied to an irradiated sample solution of analytical 
reagent grade thorium nitrate none of the impurities listed above were detected, and only zirconium 
was identified (uiu 05Nb) in an “Indian Nuclear Pure” sample (Fig. lb). For testing the scheme, 
irradiated thorium nitrate was mixed with varying amounts of irradiated standard solutions. Typical 

TABLE II.-ANALYSIS OF IMPURITIES IN THORIUM NURA~E (50 mg) 

Element 
Nuclide 

identified” 

Amount added 
Photopeak activity, 

Amount 
Half-life (as metal), 

CPm 
found, 

PPm At Ant PPm 

- 1934 b.d$ 
Scandium 4”Sc(l.12) 85d : 2104 4008 1.1 

4217 5929 2.48 

- 975 b.d. 

Cobalt *oco(l*33) 53y 10 1199 2571 20 2286 3353 2y.z 

- - 77 b.d. 
Iron LgFe(l.lO) 45d ;: 69 124 124 

138 200 220 

- - 92 b.d. 
Zinc e5Zn(l.11) 245d 30 90 208 23.0 

60 183 277 58.0 

- - 426 b.d. 
Mercury ‘O*Hg(O*28) 458d 2 502 923 2.38 

4 1026 1391 5.80 

* In brackets are given the energies of the photopeaks in (MeV) used for quantitative analysis. 
t See reference 1. 
$ b.d. = beyond detection. 
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FIG. L-Gamma-ray spectra. 

a-Irradiated thorium solution. 
b-TBP extract. 
c-1.7M HCl strip solution. 
d-12M HCl strip solution. 
e-3M HF45M HCl strip solution. 
f-l M HNOa strip solution. 
g-Final TDA extract. 
h-1.7M HCl strip solution from Indian thorium. 
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TABLE III.-EXTRACTION OF RADIOISOTOPES WITH ISOPROPYL ETHER FROM 9M HCI 

Isotope Extraction, % 

&OFe 
rasPa 
6”Co 

*O*H 
g 

‘Yk 
Wr 

1 WS 
=Rb 

141Ce(III) 

99.9 (99.9)+ 
<l.O 
<l*O (o)* 
<l.O 
<l.O (19.5)’ 
<l*O 
<l.O (o)* 
<l.O 
cl.0 
<l.O 
<l.O 

+ These values in brackets have been reported in a previous paper.16 

gamma-spectraof the artticially contaminated thorium solutionandof the isolated fractions are shown 
in Fig. 1. It is clear that rs*Pa contaminates %c, ‘Wo, 6eFe, “OAg and ssZn, while *O*Hg is very 
pure. The incomplete decontamination from 
amount of inextractable material .l* 

*=Pa can be explained by the presence of a small 
‘Wo is also contaminated with B6Nb. Fortunately rsrPa and 

@jNb are less active, and their presence does not represent any diiJiculty in the analysis of these 
nuclides. 06Nb may be separated from cobalt by extraction with tribenzylamine from 11M hydro- 
chloric acid’” or with a secondary amine, l4 thus allowing the determination of zirconium in thorium. 
In this case analysis should be carried out at least a month after irradiation, to allow for the growth of 
s8Nb. 

The results of quantitative analysis carried out as described1J6 on artificially contaminated 
thorium samples are presented in Table II. There was satisfactory agreement between the amount 
added and the amount found for all the elements. 

TABLE IV.-ANALYSIS OF IMPURITIES IN IRON OXIDE (50 mp) 

Amount added 
(as metal), Amount found, $ 

Element * unm uum 

Scandium 
- b.d 

1 1.06 
2 2.12 

Cobalt 
- b.d. 

5 4.31 
10 953 

Thorium? 

Silver 

Zinc 

-2 
4 

-2 

%l 
120 

1-74 
3.85 

b.d. 
2.6 

b.d. 
71.0 

105.0 

Mercury 4 3.69 

* For the induced isotopes and energies of photopeaks used for 
quantitative analysis see Table II. 

t Determined by counting the 0.31 MeV peak activity of OsrPa. 
$ Average of two determinations, b.d. = beyond detection. 
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Determination of impurities in iron 

The determination of impurities in iron by neutron activation analysis has been reported in a 
recent paper. l’ Nondestrucuve methods have been applied for some elements, while radiochemical 
separatron procedures using ion-exchange chromatography and solvent extraction techniques have 
been used for others. 
with isopropyl ether. 

A preliminary removal of the mduced seFe has been performed by extraction 

In this study the improved separation scheme has been applied for the determination of impurities 
in iron, after a preliminary separation of seFe with isopropyl ether.“ 

In Table III are presented our data on the extraction of iron and the other induced radioisotopes, 
from 9M hydrochloric acid; it is clear that only iron is quantitatively extracted, while the other 
isotopes remain in the aqueous layer. The aqueous solution is then made 6M in lithium chloride 
and 3Min hydrochloric acid and the induced radionuclides are subsequently fractionated as described 
hefore.lv* slCr which is obtained in the final aqueous phase to ther with the isotopes induced from 
alkali metals, alkaline earths and rare earths can be $ separa by extraction with tribenxylamlne.l~ 

Results obtained on arti6cially contaminated iron samples show that %z, ‘OCo, *=Pa, IlOAg, 
‘5Zn and ‘“Hg are separated in a pure form, so that analysis can also be performed using simple 
counters without appreciable increase in the error. 

For quantitative analysis samples of ferrous materials are placed together with standards in an 
ahnninium can for pile irradiation.1 The results of quantitative analysis carried out as usual,1*16 on 
art&ally contaminated iron samples, are shown in Table IV. Satisfactory agreement is obtained 
between the amount of element added and the amount found. 

Nuclear Chemistry Department 
Analytical Division 
Atomic Energy Establishment 
Cairo, U.A.R. 

A. ALUN 
R. %lABANA 

Summary-The neutron activation analysis of trace impurities in 
thorium nitrate and in iron is facilitated by solvent extraction pro- 
cedures prior to counting. 

Zusammenfassrmg-Die Neutronenaktivierungsanalyse von Spuren- 
verunreinigungen in Thoriumnitrat und in Eisen wird durch Solvent- 
extraktionsschritte vor dem Z%hlen erleichtert. 
R&sum&-L’analyse par activation de neutrons de traces d’impuretes 
dam le nitrate de thorium et dam le fer est facilitee par des techniques 
#extraction par solvant avant comptage. 

REFERENCES 

:: 
3. 

4. 

5. 
6. 
7. 
8. 
9. 

10. 
II. 

12. 
13. 
14. 

A. Alian and A. Haggag, Taianta, 1967,14,1109. 
A. Alian and W. Sanad, AnaL Chim. Acta 1967, 38, 327. 
C. V. Banks, Proceedbtgs of the Second International Conference on Peaceful Uses of Atomic 
Energy, Geneva (1958) vol. 28, P/918, 517. 
V. A. Fassel and E. Dekalb, The Metal Thorium, American Society for Metals, Cleveland, Ohio 
(1958). 
J. P. Burelbach and R. J. March, U.S. Atomic Energy Commission, ANL-5240 (1953). 
F. L. Moore., Anal. Chem., 1956,28,997. 
A. R. Eberle and M. W. Lermer, ibid., 1955, 27, 155. 
J. H. Patterson and C. V. Banks, ibid., 1948, 20, 897. 
L. Silverman and K. Trego, U.S. Atomic Energy Commission. NAA-SR-224 (1953). 
R. P. Ericson and E. J. Fomefeld, U.S. Atomic Energy Commission, CC-2933 (1945). 
K. Hyde, Proc. First International Conference on Peaceful Uses of Atomic Energy, Geneva 1955, 
P/728. 
C. J. Hardy, D. Seargill and J. M. Fletcher, J. Znorg. Nucl. Chem. 1958,7,257. 
G. H. Morrison and H. Freiser, Solvent Extraction in Analytical Chemistry, Wiley, London, 1957. 
T. Ishimori, E. Akatsu, K. Tsukuechi, T. Kobune, Y. Usuba, K. Kimura, G. Onawa and H. 
Uchyama, JAERZ-1106, 1966. 

15. A. Alian and R. Parthasarathy, Anal. Chim. Acta, 1966,35, 69. 
16. R. Malvano and P. Grosso, ibid., 1966, 34,253. 



262 Short communications 

Talmta, 1968. Vol. 15. pp. 262 to 266. Pe~amon Press. Printed in Northern Irdmd 

Neutron-activation analysis by standard addition and 
Determination of traces of antimony 

solvent extraction. 

(Received 31 May 1967. Accepted 3 August 1967) 

NEUTRON-ACTWATION analysis by standard addition and solvent extraction1 was found to be suitable 
for the determination of elements such as uranium* and thorium* which on irradiation give rise to 
nuclides which have no stable isotopic carriers. In the simultaneous determination of many trace 
elements by this technique the induced radioisotopes could be separated much more rapidly than by 
the usual methods.‘s6 

In this communication the method is applied to the det ermiuation of traces of antimony. Although 
the degree of extraction of antimony(III) and (V) chlorides with amines is very high,@ removal of all 
interfering ions by either scrubbing or stripping could not be reeked. Of the other possible solvents, 
isopropyl ether,’ hexone* and tributyl phosphate (TRP)’ could be applied in difkent procedures for 
the radiochemical purification of antimony. 

EXPERIMENTAL 
Reagents 

Solvents. Isopropyl ether and hexone were used without further purification. TRP was puritkd 
by washing with 5% sodium carbonate solution and then with water. TRP was used as a 50% v/v 
solution in xylene. 

Antimony carrier solution. 
pared as described beforef 

Antimony(V) solution (0.144M in 6M hydrochloric acid) was pre- 

Tracers. 7rGa was prepared by dissolving irradiated gallium chloride in 6M hydrochloric acid. 
‘OAs was prepared by dissolving irradiated specpure arsenic(111) oxide in hydrochloric acid. Other 
tracers were prepared as described elsewhere.*-6 

Other reagents were prepared from high purity chemicals. The apparatus has been described 
previously.’ 

Preliminary studies 

The extractability of antimony and other ions was examined as follows. Five ml of acid of the 
desired molarity were placed in a separatory-funnel and 50 ~1 of tracer solution were added. The 
solution was shaken with 5 ml of solvent until equilibrium was attained (4-5 mitt for isopropyl ether; 
30 set for hexone or TRP). The 
activities of equal volumes (3.0 ml 

bases were separated and various scrubbing agents tested. The 
P of the organic and aqueous phases were then measured. 

The degree of extraction from the media tinally selected for separation is shown in Table I. 

TABLE I.-EXTRACTION OF l%Ib AND OTHER isomer wrm VARIOUS SOLVENTS 

Extraction, y. 

Isotope 

“‘Sb(V) 
“‘Sb(II1) 
‘@SC 
“OCo 
%n 
r*Ga 
6gFe(III) 
‘%W.-v) 
‘O’Hg(II) 

Z&I) 
‘WS 
‘ORb 

Isopropyl ether Hexone 50% TRP in xylene 

4M HCl 
6M HCl 1.5M HCl 6M HCl @lM HCl 4M LiCl 1MHNO~ 

>99 73 98.5 <l-O >99 <l-O 
3 - 79 <l*O >99 <l-O 

<l.O - <l-O - 94 tl.0 
<l*O - <l*O - 

;: 
<l-O 

<la0 - tl.0 - <l*O 
94 tl.0 99 <l.O >99 <l-O 
55.5 2.0 61 <l-O >99 <l-O 

1.5 - 82 <l-O 71 
<l-O - 23 tl.0 1: 
<l-O - 2.5 - :: <l*O 
<l-O - tl.0 - 1.5 <l*O 
<l-O - <l-O - <l*O - 
cl.0 - <l-O - cl.0 - 
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It is clear from these results that in order to increase the separation yield in isopropyl ether and 
hexone extraction, antimony should be oxidixed to antimony(V), for example by the addition of 
concentrated nitric acid during the evolution procedure or by the addition of other oxidizing agents 
such as bromine water or potassium bromate solution. 

The extraction of antimony(V) and many other ions from 6Mhydrochloric acid with hexone and 
from 4116 hydrochloric acid-4M lithium chloride with TBP is seen to be very e5cient. At low 
acidities (O*lM hydrochloric acid in the case of hexone and 1M nitric acid in the case of TBP) 
extraction of all ions, including antimony(V), is very poor. However when the hexone or TBP 
solutions are stripped with an aqueous solution of the same acidity, antimony(V) is retained in the 
organic phase (92% in bexone and 80% in TBP) while all other ions pass into the aqueous phase. The 
behaviour of antimony is possibly due to the formation of certain extractable antimony species in 
strongly acidic solutions; such species are not formed at low acidities. The rates of formation and 
decomposition of these species result in roughly equal extraction and backextraction rates. Thus 
kinetic experiments (Table II) show that the rate constant of antimony back-extraction is so small 
that the amount of the element which passes into the aqueous phase does not increase even after 
15 min shaking. The examina tion 
the scope of the present work. 

of longer extraction periods would be interesting, but is beyond 

TABLE IL-Erwaczr OF TIMB ON xx~~~crro~ OF Sb(V) FROM O.lM HCl 
wrrrr HxxoNx 

Shaking time, 
min 

y0 Sb in the aqueous phase 

Forward extraction Back-extraction 

O-1 HP 6.5 
0.5 >99 8.3 
1 >99 8.1 
2 >PP 8.2 
4 >99 8-4 

>99 8.5 
>99 8.3 

The ~rodu~bi~~ of separation was investigated by extracting increasing amounts (SO-250 ~1) 
of I**Sb tracer as described under Procedure and then measuring the radioactivity of 3-O ml of the 
final organic extracts. The results were found to vary by not more than a few per cent when an anti- 
mony carrier was used; the discrepancies increased in the absence of a carrier. In general, repro- 
ducibility is higher with hexone and TBP than with isopropyl ether. Yields > 60, PO and 75% were 
obtained for isopropyl ether, hexone and TBP extraction, respectively. 

cell of interfering ions 

In the isopropyl ether extraction from 6M hydrochloric acid, iron and gallium can be removed 
from the extract by scrubbing with 1+&f hydrochloric acid, but about 25% of the antimony is also 
back-extracted and the reproducibility is poor unless a carrier is added. In the hexone and TBP 
extractions it is beat to take advantage of the kinetic effect on antimony back-extraction, and to 
perform the initial extraction from highly acidic medium, followed by scrubbing the solution with a 
less acidic solution. 
removed. 

The yield of antimony is thereby somewhat reduced, but interfering elements are 

Procedure 

Irradiation. Duplicate samples of metallic ah.tminium taken from cans used for pile irradiation, 
standard rock W-l, and coin (an Egyptian piastre made from an album-magnesium alloy) were 
packed in thin aluminium foil and irradiated in a neutron flux of IO*-IOr* neutronacm-‘.sec-1 for 
48 br in the UAR-RR-1 Research, Reactor at In&ass. After irradiation, samples were cooled for 
about 3 days. For an antimony standard, @2 ml of ~t~ony~ chloride solution (1.4 @ml) was 
evaporated to dryness in a quartx ampoule, and the ampoule was sealed off and irradiated along with 
the samnles. 

Pro&sing of samples and standard. Each metal sample (about 300 mg) was freed from any 
surface contamination bv brief washina in hvdrochloric acid before beine dissolved in concentrated 
hydrochloric acid to which had been aded few drops of wncentrate%nitric acid and 0.50 ml of 
antimony carrier solution. The sample solution was then evaporated nearly to dryness and then 
diluted to 25 ml with 6M hydrochloric acid containing potassium bromate (5 x 10-V@. 
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Bach rock sample, after addition of 050 ml of antimony carrier solution, was dissolved in a 
platinum dish by heating repeatedly with a mixture of hydrofluoric, perchloric and nitric acids until 
silica was completely removed and a clear solution obtained. This solution was then evaporated 
nearly to dryness and diluted to 25 ml with the hydrochloric acid-potassium bromate solution. 

The simultaneously irradiated antimony standard was dissolved in hot 6M hydrochloric acid 
containing a few drops of concentrated nitric acid and @OSM_potassium bromate solution. The 
standard solution was diluted to 25 ml with 6M hydrochloric acrd. 
made with 6M hydrochloric acid. 

Subsequent dilutions were also 

Losses of antimony in the course of dissolution of the samples and due to adsorption on glass 
were investigated as for =Pa.* 
carrier. 

Losses were found to be less than 1 y0 in the presence of an antimony 

Isopropyl ether extraction. Transfer 5 ml of the sample solution to a separatory-funnel and add to 
this solution 5 ml of isopropyl ether. Shake vigorously by hand for 4 min and separate the phases by 
centrifugation. Discard the aqueous layer. Transfer 5 ml of 1*5M hydrochloric acid to the funnel 
containing the organic phase and shake again for 4 min. Separate the phases and discard the aqueous 
layer. Measure the activity (A) of the organic layer with a single channel analyser. 

EIexone extraction. Transfer 5 ml of the sample solution to a separatory-funnel and add to this 
solution 5 ml of hexone. Shake for 30 set, and allow the phases to separate. Discard the aqueous 
fraction. Transfer 5 ml of O*lM hydrochloric acid to the funnel and shake for 30 sec. 
phases and discard the aqueous layer. Measure the activity (A) of the organic layer. 

Separate the 

TBP extraction. Transfer 5 ml of the,sample solution to a separatory-funnel containing 2.5 ml of 
12M lithium chloride solution. Add 5 ml of 50% TBP solution in xylene, this solution having been 
previously equilibrated with 10 ml of 6M hydrochloric acid. Shake for 30 sec. 
separate and did the aqueous layer. 

Allow the phases to 
Add 15 ml of 1M nitric acid to the organic layer and shake 

the funnel for 30 sec. Discard the aqueous layer after phase separation. Measure the activity (A) of 
the organic layer. 

Repeat the procedure used, on three 5-ml samplealiquots spiked with 50,100 and 15Oplrespectively 
of antimony standard solution. Measure the activity (A,,J of the tinal organic layer from each solution. 

The antimony content (x) of a given sample is calculated from the relationship 

where x, is the amount of standard added.’ 

RESULTS AND DISCUSSION 

The results of determination of antimony in samples of aluminium, rock W-l and piastre by the 
procedures described are presented in Table III. 

TABLE III 

Method 

Isopropyl ether 
extraction 

Hexone 
extraction 

TBP 
extraction 

Sample 

Aluminium 
W-l 
Piastret 

W-l 
Piastre$ 

Aluminium 
W-l 
Piastref 

Weight of 
sample in 
aliquot, g 

0.1024 
0.0148 
0.0520 

0.0148 
0.0520 

0.1024 
0.0148 
0.0520 

Activity,* Sb content, 
coimts/30 secjml PPm 

1588 0.058,@063,@054 
3760 0.95, 1.2, l.o(l*lt) 

61,650 465, 4.36, 5.10 

4824 1.05,0*78,0.96 
77,045 4*4,4*5,4.6 

1573 0.055, 0*058,0056 
4195 0.88, @95, 1.1 

67,843 4.73, 4*9,4.4 

* Activity of the r’%b + **‘Sb photopeaks at O-564 and O-603 MeV, respectively (channels 
12-16). 

t Average of the previously reported value&r0 
$ Standard deviations 0.6, 0.2, 0.4 ppm for the isopropyl ether, hexone, and TBP methods 

respectively. 
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The radiochemical purity of the antimony extracts was demonstrated from the identity of the peaks 
of these extracts and of the simultaneously irradiated antimony standard (Fig. 1). 
confirmed by the decay curves. 

Purity was also 
From Fig. 1 it can be seen that the antimony separated is sullenly 

I I I 

0 0.5 1.0 
ENERGV, Mel’ 

FIG. l.--Gamma-ray spectra of Sb standard, and of extracts isolated from samples 
of W-l. 

a-Isopropyl ether extract; b-TBP extract; c-Hexone extract; d-Irradiated Sb 
Standard. 

pure for the analysis to be done with simple counters. The purity of the antimony separated from W-l 
(a complex material containing varying proportions of almost all elements present in the periodic 
table) indicates the general applicability of the method. The given procedures are. more simple and 
rapid than the methods reported in the literature for the neutron activation analysis of antimony.ll-l* 
Each of the procedures described here includes only two extraction steps, whereas the other published 
methods include 6 or 7 purifkation steps and the chemical yield of the isolated radioantimony must 
be determined. The hexone and TBP procedures are to be preferred to the isopropyl ether procedure 
because of their rapidity and the higher volatility of isopropyl ether. 
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Summary-The application of neutron activation analysis by standard 
addition and solvent extraction to the determination of traces of 
antimony in ahuninium and roeks is reported. Three simple extraction 
procedures, using isopropyl ether, hexone, and tributyl phosphate, are 
described for the selective separation of radioantimony from inter- 
fering radionuclides. Antimony concentration is measured by counting 
the activities of the l*?Sb and r*%b photopeaks at 0564 and 0603 MeV. 

R&un&-Gn d&it l’application de l’analyse par activation de neutrons 
avec addition d’etalon et extraction par solvant au dosage de traces 
~~~o~e dans l’~~ium et les roches. On d&it trois techniques 
d’extraction simples, utilisant P&her i~p~pylique, l’hexone et le 
tributylphosphate, pour la separation du radioantimoine des radio- 
nucleides g&rants. On meaure la concentration de I’antimoine en 
comptant les activites des photopics de l%b et lrdSb ii 0,564 et 
0,603 MeV. 

Z~Die neutron~~~e~~~i~he Bestimmung 
von Antimouspumn in Aluminium und Gesteineu durch Zugabe eines 
Standards und Solventextraktion wird mitgeteilt. Es werden drei 
einfache Extraktionsvorsc~ten mit IsopropyUther, Hexon und 
Tributylphosphat zur selektiven Abtrennung von Radioantimon von 
stiirenden Raldionukliden beschrieben. Die Antimonkonzentration 
miut man durch Zghlen der Aktivit&en in den Photopeaks von ?Sb 
und ?ib bei 0,564 und 0,603 MeV. 
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~orn~a~ne hy~o~~o~de as a new redox indicator in vanadametry 

(Received 8 February 1967. Revised 4 Jut’y 1967. Accepted 26 September 1967) 

IN A mmm~ communication, Sanke Gowda and Shakunthala” reported the use of chlorpromazine 
hydrochloride (CPH) as a new redox indicator in the vanadametric titration of iron(H) and molyb- 
denum(V), and pointed out its advantages over ~phenyl~~e, ~ph~yI~dine, diphenyl~e- 
.&phonic acid, N-ph~y~t~~ic acid and cop~r-ph~~y~~~~as~pho~c acid, which have 
been proposed as internal indicators in vanadametry. A thorough study has now been made of the 
mechanism of the action and use of promethazine hydrochloride (PII), IO-(2dimethylamino-l-pro- 
pyl)phenothiaxine hydrochloride, as a redox indicator in vanadametry. 

The indicator gives a colourless aqueous solution, stable for about 2 weeks and then slowly 
undergoing atmospheric oxidation and becoming light pink. Like CPH it undergoes one-electron 
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oxidation to a red intermediate (believed to be a free radical with a semiquinonoid structure) which is 
further irreversibly oxidized (one electron) to a colourless sulphoxide: 

pH colourless free radical red 

HCl + 

&Hz-CH-CH, 
//H, 

‘CH, _ 

HCI ----f HCl 

sulphoxide colourless 

Its behaviour is exactly similar to that of CPH.* 

Reagents 
EXPERIMENTAL 

Promethazine hydrochloride. A 0.10% solution stored in an amber bottle. 
Sodium vanaaizte solution. Approximately O*OSN, prepared from ammonium vanadate and sodium 

carbonate and standardized against standardized Mohr’s salt solution. 

Oxidation and transition potentials 

The oxidation and transition potentials of PH were determined according to the procedures 
described previously.lBa The results are shown in Table I. 

TABLE L-OXIDATION AND TRANSITION mm LS OF PH IN VARIOUS CONCENTRATIONS 
OF SULPHURIC ACID AT 28°C 

Sulphuric acid, M 
Oxidation potential, V* 
Transition potential, Y* 

O-25 
0.827 

- 

0.50 1-o l-5 2.0 
0.813 O-802 0.786 0.776 
0.810 0.795 0.780 0.771 

+ Vs. standard hydrogen electrode. 

Procedures 

Determination ofiron( Titrate iron(H) in 1 M sulphuric acid or 1Mhydrochloric acid containing 
2-3 ml of syrupy phosphoric acid, using 1 ml of O-1 % PH solution. 

Determination of hydroqukzone. Titrate in 1Msulphuric acid or 1M hydrochloric acid, adding 2 ml 
of 0*5M oxalic acid as catalyst and 1 ml of O-1 % PH solution as indicator. . 

Determination of uranium(ZV). Reduce uranium(VI) to uranium(IV) in a Jones reductor (in 1M 
sulphuric acid medium); pass a rapid stream of air through the reduced solution for about 10 min 
to oxidixe any uranium(III) to uranium(IV). Add 20 ml of 25Msulphuric acid or 15 ml of 5M 
hydrochloric acid, 2 ml of syrupy phosphoric acid and 1 ml of O-1 % PH indicator solution, dilute 
to 50 ml and titrate with vanadate to the appearance of a violet colour. 

Determination ofantimony(ZZZ). Treat an aliquot of antimony trichloride solution with 100% 
excess of sodium vanadate in 4M sulphuric acid in a conical flask. Heat the solution on a boiling 
water-bath for about 2 min. Cool the solution to room temperature and dilute to give a 1Msulphuric 
acid solution. Titrate the surplus vanadate with standard 0.1 M iron(H) ammonium sulphate, adding 
1 ml of 0.1% PH solution near the end-point (after 90% titration). 

RESULTS AND DISCUSSION 

The maximum error found for titration of O-la.6 mmole of hydroquinone, uranium(IV) and 
antimony@) was 2 parts per 1000. Individual titrations are discussed below. 

Zron(ZZ) 

The indicator colour change is from bluish green through blue to violet. End-points are not sharp 
if the acidity is < 1 N but can be detected with some practice in 1*2-1.8N acid media if the vanadate 
is added slowly towards the end-point (greenish blue + blue in sulphuric acid; bluish green -+ 
brownish yellow in hydrochloric acid). Sharp end-points (greenish blue through blue to violet in 
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sulphuric aid; from green to brownish yellow in hydrochloric acid) are obtained in 2-4N acid media. 
At 2.8Nacidity under-titration (l-2 drops of 0*05N vanadate) occurs owing to the low redox potential 
of the indicator but can be avoided by addition of phosphoric acid to change theequivalence potential. 
Phosphoric acid also prolongs the life and brightens the red colour of the oxidized form of the indica- 
tor. 

At least @6 ml of 0.1% PH indicator solution is necessary in a total volume of 75 ml for proper 
indicator action. The red intermediate oxidation productof PHcan bereversiblyreduced tocolourless 
PH by iron(I1). The indicator correction found by comparing the results from the potentiometric 
titration with those when PH is used is 0.05 ml of @OlN sodium vanadate for 1 ml of 0.1% PH. 

PH is superior to CPH in that it functions over an acid range-of l*O-1*4M sulphuric acid or l-O- 
2.OM hydrochloric acid even in the absence of phosphoric acid. 

Hydroquinone 

Diphenylbenzidine4~6 and N-phenylanthranilic acid6 are unsatisfactory because they give sluggish 
end-points. The redox potential of the hydroquinone-quinone system is O-7 V while that of the vana- 
date-vanadyl system is 1.0 V, so the reaction between hydroquinone and vanadate in acid solution is 
likely to be fast. However, the titration of hydroquinone with vanadate has not been found feasible 
in sulphuric acid or hydrochloric acid media ranging from 05 to 5aON. It has been found that the 
reaction between PH and vanadium(V) becomes slower with increasing concentration of quinone and 
vanadium(N), the combined effect of quinone and vanadium(IV) being more than that of either 
individually. Oxalic acid has been found to act as an indicator catalyst. The end-point colour change 
for low hydroquinone concentrations (<l mglml) is from parrot-green to violet, and is reversible. 
The violet colour is masked and seen as greenish pink in the titration of higher concentrations of 
hydroquinone. Gxalic acid brightens the violet colour but decreases its stability. The violet colour 
in 50 ml of titration mixture containing 2 ml of 0*5M oxalic acid is stable for about 4 min, and for 2 
min if 6 ml are used. It is best to use low concentrations of hydroquinone and oxalic acid. PH indi- 
cator gives sharper end-points than do diphenylbenzidine and N-phenylanthranilic acid. 

Uranium(Iy) 

N-phenylanthranilic acid a~1 has been used in the titration of uranium(IV) with ammonium vana- 
date in 2*5-6*8M sulphuric acid. If oxalic acid is used as a catalyst the sulphuric acid concentration 
required is only 2M.O Diphenylbenxidiner+lo has also been proposed as redox indicator with oxalate 
catalysis, titration being done at 50”; with both oxalic and phosphoric acids present it can be done 
at room temperature. Copper-phthalocyaninetetrasulphonic acid” functions only in 6M sulphuric 
acid solution containing 3 ml of syrupy phosphoric acid. 

The formal redox potential of the uranium(VI)-uranium(IV) couple is 0.549 V in 0*5M sulphuric 
acid and increase with increasing concentration of sulphuric and phosphoric acids.la With smaller 
amounts of the indicator (@l-O*6 ml of 0.1% PH solution) the colour change from bluish green 
through blue to violet is rather sluggish, but is sharp with larger amounts. PH indicator does not give 
sharp end-points in O-2-2.OM sulphuric acid or hydrochloric acid unless phosphoric acid is present. 
Over this range of acidity under-titration occurs owing to the slow reduction of the oxidixed form of 
the indicator by uraniurn(IV). Addition of a small amount of syrupy phosphoric acid (2 ml) catalyses 
this reduction, but sharp end-points are not obtained if the acidity is less than 1 N even in the presence 
of phosphoric acid, owing to the high oxidation potential of the indicator. At higher acidities the 
reduction of the oxidixed form of the indicator by uranium(IV) is again slow, resulting in the pre- 
mature appearance of the end-point. 

Antimony(ZZZ) 

N-phenylanthranilic acid’* and diphenylbenxidine l1 have been used as redox indicators in the 
vanadametric estimation of antimony(III). Antimony(III) cannot be titrated directly with sodium 
vanadate either in the cold or in the hot (SO’) as the reaction is not rapid. Experiments on the oxida- 
tion of antimony(m) ln the presence of a large excess of vanadate (75-150x) in varying concentra- 
tions of sulphuric acid (0.5-6M) at the temperature of the boiling water-bath for varying periods of 
time (l-15 min) show that antimony(III) is quantitatively oxidixed if the sulphuric acid is 3-6M and 
the time taken is 2-15 min. The colour change from violet to greenish blue is quite sharp. 
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Snmmary_Promethaxine hydrochloride is proposed as a new redox 
indicator in vanadametry. It has been tested rigorously in the titration 
of iron(H), hydroquinone, uranium(IV) and antimony(III) with 
sodium vanadate. The indicator gives a very sharp reversible colour 
change from green to violet at the equivalence point. It has advantages 
over all the proposed redox indicators in vanadametry. Its redox 
and transition potentials are reported. 

Znsammenfassung-homethaxin-Hydrochlorid wird als neuer Redox- 
Indikator bei der Vanadametrie vorgeschlagen. Es wurde bei der 
Titration von l&n(H), Hydrochinon, Uran(IV) und Antimon(II1) mit 
Natriumvanadat genau geprilft. Der Indikator gibt am Aquivalenx- 
punkt einen sehr scharfen reversiblen Farbumschlag van grtln nach 
violett. Er hat Vorteile vor allen son.% bei der Vanadametrie emp- 
fohlenen Indikatoren. Seine Redox- und Ubergangspotentiale werden 
mitgeteilt. 

R&u&--On propose le chlorhydrate de promethaxine comme nouvel 
indicateur redox en vanadometrie. On l’a essay6 de facon pousde 
dam les dosages du fer(II), de l’hydroquinone,-de l’ur@iu&V) et 
de l’antimoine(II1) au moven de vanadate de sodium. L’indicateur 
donne un changement de &oration t&s marque et reversible du vert 
au violet au point d’equivalence. 11 a des avantages sur tous les 
indicateurs redox proposes en vanadometrie. On donne ses potentiels 
redox et de transition. 
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Pl’ecipitation of bis(l,2q&hexanedionedioximato)palladimn(II) from homogeneous 
solution 

(Received 27 July 1967. Accepted 15 September 1967) 

CYCLOHEXANEDIONE (nioxime) was tlrst reported by Wallach in 1924.’ Since that time several 
reports of its use as a gravimetric reagent for the determination of nickel have been published.*-6 
Only one account of nioxime as a reagent for palladium has appeared.O The reagent was found to be 
satisfactory for the analysis of samples containing 6-30 mg of palladium. However, filtration was 
difficult wrth the larger samples and separation from other ions was not better than with dimethyl- 
glyoxime. This and other methods for the gravimetric determination of palladium have been reviewed 
recently by Beamish.’ 

With a view to improving the gravimetric determination of palladium an attempt was made to 
precipitate bis(l,2-cyclohexanedionedioximato)palladium(II) from homogeneous solution by gen- 
erating 1,2_cyclohexanedionedioxime in the presence of palladium ions. A method based on this 
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over all the proposed redox indicators in vanadametry. Its redox 
and transition potentials are reported. 

Znsammenfassung-homethaxin-Hydrochlorid wird als neuer Redox- 
Indikator bei der Vanadametrie vorgeschlagen. Es wurde bei der 
Titration von l&n(H), Hydrochinon, Uran(IV) und Antimon(II1) mit 
Natriumvanadat genau geprilft. Der Indikator gibt am Aquivalenx- 
punkt einen sehr scharfen reversiblen Farbumschlag van grtln nach 
violett. Er hat Vorteile vor allen son.% bei der Vanadametrie emp- 
fohlenen Indikatoren. Seine Redox- und Ubergangspotentiale werden 
mitgeteilt. 

R&u&--On propose le chlorhydrate de promethaxine comme nouvel 
indicateur redox en vanadometrie. On l’a essay6 de facon pousde 
dam les dosages du fer(II), de l’hydroquinone,-de l’ur@iu&V) et 
de l’antimoine(II1) au moven de vanadate de sodium. L’indicateur 
donne un changement de &oration t&s marque et reversible du vert 
au violet au point d’equivalence. 11 a des avantages sur tous les 
indicateurs redox proposes en vanadometrie. On donne ses potentiels 
redox et de transition. 
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Pl’ecipitation of bis(l,2q&hexanedionedioximato)palladimn(II) from homogeneous 
solution 

(Received 27 July 1967. Accepted 15 September 1967) 

CYCLOHEXANEDIONE (nioxime) was tlrst reported by Wallach in 1924.’ Since that time several 
reports of its use as a gravimetric reagent for the determination of nickel have been published.*-6 
Only one account of nioxime as a reagent for palladium has appeared.O The reagent was found to be 
satisfactory for the analysis of samples containing 6-30 mg of palladium. However, filtration was 
difficult wrth the larger samples and separation from other ions was not better than with dimethyl- 
glyoxime. This and other methods for the gravimetric determination of palladium have been reviewed 
recently by Beamish.’ 

With a view to improving the gravimetric determination of palladium an attempt was made to 
precipitate bis(l,2-cyclohexanedionedioximato)palladium(II) from homogeneous solution by gen- 
erating 1,2_cyclohexanedionedioxime in the presence of palladium ions. A method based on this 
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technique and applicable to samples containing l-50 mg of palladium was developed. 
contains a description of the method and a discussion of the results. 

This paper 

EXPERIMENTAL 

Reagents 

Palladium. Two grams of PdCl, (Fisher Scientific Company, Fair Lawn, New Jersey) were 
dissolved in 20 ml of 12M hydrochloric acid and diluted to 1 l., and the solution was standardized 
by precipitation with dimethylglyoxime.s 

Hydroxylamine hydrochloride solution, 3 % w/v. 

1,2-CycZohexanedione. The commercial product (Aldrich Chemical Company, Inc., Milwaukee, 
Wisconsin) was purified by sublimation and a solution containing 750 mg in 100 ml of distilled water 
was prepared and stored at 5”. 

Platinum. Reagent grade chloroplatinic acid (1.3 g, Fisher Scientific Company, Fair Lawn, New 
Jersey) was dissolved in 500 ml of distilled water. 

All other chemicals were reagent grade. 

Procedure 

To a solution containing l-50 mg of palladium in a 400-ml beaker add 8 ml of 12M hydrochloric 
acid, 20 ml of hydroxylamine hydrochloride solution and 20 ml of 1,2cyclohexanedione solution. 
Dilute to about IOOml, stir, cover the beaker with a watch-glass and heat with a strong tlame, 
bringing the solution to the boil in about 3 min. Reduce the tlame and allow the mixture to boil for 
5 mm. Place the beaker in a cold water-bath for about &r. Filter off the precipitate, using a medium 
porosity sintered-glass crucible, wash it with cold water and dry it at 110” for 1 hr. Bis(l,2-cyclo- 
hexanedionedioximato)palladium(II) contains 27.37 % of palladium. 

RESULTS AND DISCUSSION 

The effects of factors such as hydrochloric acid concentration, temperature of the reaction and 
concentration of the reagents on the amount, purity and physical characteristics of the precipitate 
were investigated. The best results were obtained when the precipitation was carried out in 0.3-1M 
hydrochloric acid. Good results were also achieved in the 0.1-O.3M range of acid concentration 
provided that the chloride ion concentration was at least 1M. The results of precipitations in the 
temperature range 20-90” were not very satisfactory. Accurate and reproducible results were always 
obtained when the solution was brought quickly to 100” and then boiled for 5 mm. 

Experiments showed that the minimum amounts of 1,Zcyclohexanedione and hydroxylamine 
hydrochloride required for a successful determination were 1.4 and 4.6 times their respective 
stoichiometric values. Very large excesses of these reagents (70 and 230 times the respective stoichio- 
metric requirements) did not alter the results. Table I shows typical results that were found when the 
procedure was applied to various solutions. 

TABLE I.-SEPARATION AND DE~I~M~NAIION OF PALLADIUM AS Brs(1 ,~-~Y~L~~~B~ANI~DI~NBDI~~~MAT~)- 
PALLADIUM(H) BY PFHS 

Palladium 
taken, mg 1*08* 540* 

Diverse 
element none none 
taken, mg 

16*18$ 

none 

26.98 * 

none 

53.95: 

none 

1.08 26.98 53.95 

Cu, 25 Cu, 25 Cu, 25 
Ni, 25 Ni, 25 Ni, 25 
Co, 25 Co, 25 Co, 25 

Difference +0.01 +0.03 -0.02 +0*05 -0.05 +0*06 so.05 - 0.05 
found, 

z8’: +0*01 
-0.02 -0.03 -0.06 +0*01 +0*07 -0~10 

mgt . -0.02 + 0.05 -0.08 +0.03 +0.07 +0.06 +0*01 
+0.05 &O-00 +O-06 
+0.06 +0.04 -0.03 

* SpectrophotometricO determinations showed that the palladium content in the filtrates never 
exceeded 0.02 mg. 

t Difference found = mg of palladium found - mg of palladium taken. 

Several experiments were done to observe the effect of various diverse ions on the determination. 
The results, shown in Table I, indicated that copper, nickel, and cobalt did not interfere. In orderto 
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avoid interference from platinum it was necessary to adjust the amount of 1,2_cyclohexanedione to 
the minimum (1.4 times the stoichiometric value) required for quantitative precipitation of the 
palladium. The exception was with samplescontainmg l-5 mg of palladium, in which case the amount 
of dione calculated for a 5-mg sample was used. Table II shows the results obtained after these 
adjustments were made to the recommended procedure. 

TABLE II.-DETERMINATION OF PALLADIUM IN THE PRESENCE OF PLATINUM 

Palladium taken, mg 1.08 16.18 26.98 53.95 

Platinum taken, mg 25 25 25 25 

Difference found, mg 
+0.07 +0*06 +0*07 +0*04 
+0.03 +0*05 -0.09 -0.10 
+004 +0.11 -0*04 +0*06 

The procedure described in this paper is simple, rapid and accurate. It is effective in the presence 
of large concentrations of Cu(II), Co@), Ni(II), and Pt(IV) ions and yields a precipitate which is 
very easily filtered off and washed. 
determination of palladium. 

In these respects it is better than other methods for the gravimetric 
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Summary-The reaction between hydroxylamine and cyclohexanedione 
in the presence of palladium ions has been made the basis of the 
precipitation of bis(l,2-cyclohexanedionedioximato)palladium(II) from 
homogeneous solution. The procedure provides a means of separating 
palladium from Cu(Il), Co(n), Ni(II) and Pt(IV), and is a simple, 
rapid and accurate method for determining palladium. 

Zusammenfassung--Die Reaktion von Hydroxylamin und Cyclo- 
hexandion in Gegenwart von Palladiumionen wurde zur Grundlage der 
Fiillung von Bis( 1,2cyclohexandiondioximato)palladium(II) aus homo- 
gener Lbsung gemacht. Die Vorschrift erlaubt die Abtrennung von 
Palladium von Cu(II), Co(B), Ni(II) und Pt(IV) und stellt eine einfache, 
schnelle und genaue Methode xur Palladiumbestimmung dar. 

R&un&On a pris la reaction entre l’hydroxylatnine et la cyclohexane- 
dione en prtsence d’ions palladium comme base pour la precipitation 
du bis(l,2_cyclohexanedionedioximato) palladium(II) P park de 
solutions homogenes. La technique apporte un moyen de separation 
du palladium des Cu(II), Co(D), Ni(II) et Pt(IV) et constitue une 
methode simple, rapide et precise pour le dosage du palladium. 
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Spectrophotometric determination of gennanium(IV) with Bromopyrogallol Red 

(Received 1 July 1967. Accepted 12 September 1967) 

Tms paper describes the use of dibromopyrogallolsulphonephthalein, C1,H,,,Br,08S, Bromopyro- 
gall01 Red (BPR), as a reagent for the spectrophotometric determination of germanium(W). 

EXPERIMENTAL 

Figure 1 shows the absorption spectra of BPR (curve a) and of the Ge(IV)-BPR compound 
(curve b), and shows that the absorption maximum of the Ge(IV)-BPR compound is at 550 rnp 
whereas that of the reagent is at 436 m,u. 

OS0 I 
. 

0 70 f\ . 

060 
i \ 

A 

FIG. 1 .-Absorption spectra. 
(a)-BPR, 3 x 1O-6M; (b)-Ge(BPR)s complex. 

The absorbance of the complex was studied as a function of pH. It was found that glycinshydro- 
chloric acid or phthalatshydrochloric acid solutions may be used as buffers for the pH range 2-3. 
The absorbance of the complex was also measured as a function of hydrochloric acid concentration; 
maximum absorbance was found between lo-’ and 10-*&f. 

The hydrochloric solutions of the complex, stabilized with 05% gelatine solution, are very 
stable. in snite of their colloidal character. Maximum absorbance is attained within 15 mm and 
remains constant for several days. 

Reagents 

Germanium(ZV) solution. High-purity germanium dioxide was dissolved to give a standard solu- 
tion containing 6 ppm germanium(W). 

Bromopyrogallol Red solution 0.025 %. Prepared in 50% aqueous ethanol. 
Gelatine solution, 0.5 %. Prepared immediately before use. 

Procedure 

Standard curve. Place aliouots of the standard germanium solution in 50-ml volumetric flasks and 
add 2.5 ml of O.lM hydrochloric acid (to give a &al solution with pH 2-3), 5 ml of 0.5% gelatine 
solution and 15 ml of BPR solution. Make uv to the mark with distilled water. Shake the mixture 
and then keep it for 15 min at room tempera&e. 
a blank at 550 m,u. 

Measure the absorbance in l-cm cuvettes against 
Use a similar procedure for samples. 

RESULTS AND DISCUSSION 

The Lamber-Beer law is obeyed over the range 0.2-3 pg of Ge per ml. The molar absorptivity 
is 20.5 x 10s. 

Job’s method was used to determine the stoichiometry of the complex (Fig. 2); the stoichiometric 
ratio is Ge:BPR = 1:2. 
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FIG. 2.-Method of continuous variations with equimolar solutions. 
I-15 x lo-%f; 11-10-W; III-5 x lo-SM. 

The complex has a red-violet colour and is insoluble in common organic solvents, carbon tetra- 
chloride, chloroform, ethyl ether, amyl alcohol, benzene, methyl ethyl ketone, methyl isobutyl 
ketone, etc. 

BPR has been used to determine germanium in several cupriferous materials, following dissolu- 
tion by nitric, phosphoric and hydrofluoric acids and subsequent extraction with carbon tetrachloride 
from 9-1OM hydrochloric acid.’ It was found that recovery was essentially complete, and that a 
calibration curve prepared by treating germanium back-extracted from the organic phase according 
to the standard procedure was almost identical with the standard curve prepared as directed above. 

The cupriferous materials analysed had the approximate composition: Cu, 55%; S, 41.5%; 
Fe, 4&50x; Zn, 2-3x; Pb, 1%; As, 0.3%; SiO,, 1.5%; In, O*OOS%; Te, 0.1%; Au, OGO2%; 
Se, 0.01%; Ag, 0.02%; and Ga, @2x. The germanium was determined speotrophotometrically by 
the phenyltluorone method’ and the method described here. Results are shown in Table I. 

TABLE I.-D FFTEXMNATION OF GERMANIUM IN CUPRIFEROUS ORE 

Ore sample, g 

1.3594 
1.7418 
1.1433 
12872 

Ge found, % 

Phenylfluorone BPR 

0.022 0.023 
0.024 0.021 
0.024 0.022 
0.021 0.020 

This procedure, in terms of sensitivity, selectivity and stability of coloured complex, is more 
advantageous than those based on galleh? and Pyrocatechol Violet.’ 

Universitatea Bucuresti 
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Raion V. I. Lenin 
Bucuresti, Romania 
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Summary_-A method is proposed for the spectrophotometric determina- 
tion of germanium with Bromopyrogallol Red. A red-violet coloured 
complex is formed at pH 2-3, with a stoichiometry equivalent to 
Ge(BPR),, and a molar absorptivity of 205 x 10’ at 550 rnp. Beer’s 
law is obeyed over the range 0.2-3 ppm. Germanium in cupriferous 
ores has been determined by the method. 

R&nn&On propose une methode pour le dosage spectrophoto- 
metrique du germanium au Rouge de Bromopyrogallol. A pH 2-3 
il se forme un complexe color& en rouge-violet, avec une stoechiometrie 
equivalent a Ge(BPR), et une absorption moleculaire de 20,s x 

lp a550 v. La loi de Beer est suivie dans le domaine 0,2 a 3 p.p.m. 
On a determine le germanium par cette methode dans des minerais 
cupriferreux. 

Zusanunenfassung-Ein Verfahren zur specktrophotometrischen Bes- 
timmung von Germanium mit Brompyrdgallohot wird vorgeschlagen. 
Bei DH 2-3 wird ein rotvioletter Komnlex mit der Stiichiometrie 
Ge(BPR), und einem molaren ExtinktionskoetBzienten von 20,5 x lo8 
gebildet. Das Beersche Gesetz gilt bei 0,2-3 ppm. Mit dieser Methode 
wurde Germanium in Kupfererzen bestimmt. 
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Polarography of molybdenum in aspartic acid solution 

(Received 2 February 1967. Revised 1 June 1967. Accepted 20 August 1967) 

A NUMBER df polarographic methods, many requiring preliminary separations, have been described 
for the determination of molybdenum. 1-5 Meites,’ Piibil,’ and Parry” have given methods for its 
determination in the presence of tungsten, using as electrolytes solutions containing citrate, EDTA, 
and tartrate respectively. Deshmukh determined molybdenum in the presence of uranium, using a 
solution of hydrazine sulphate as electrolyte. 0 Manning used nitrilotriacetic acid as electrolyte10 and 
found four reduction waves, enabling determinations to be. made in the presence of Cu, Ti, Ni, Cr, 
Hg, and Th. More recently Hahn studied the variation in the polarographic characteristics with pH 
in citrate-containing media. I1 Pantani reported that molybdenum(VI) is also reduced in solutions 
of oxalate, tartrate, and citrate. II This paper reports the results of an investigation into the use of 
aspartic acid as a suitable electrolyte for the polarographic determination of molybdenum, following 
similar investigations into the use of other electrolytes. la-l4 Interferences from a number of metals 
have been studied. 

EXPERIMENTAL 

All chemicals used were of reagent grade, and the solutions were prepared in doubly distilled 
water. The pH of solutions was adjusted by addition of IM hydrochloric acid to sodium aspartate 
solutions. 

A manual polarograph with a “Scalamp” galvanometer was used. The dropping mercury 
electrode had the following characteristics: m = 2.24 mglsec, t = 3.04 sec. Purified hydrogen was 
bubbled through the sample solutions to remove dissolved oxygen. An H-type cell was used with a 
saturated calomel electrode and an agar-saturated potassium chloride salt bridge. All measurements 
were made at 25°C. 

DISCUSSION 

Molybdenum(V1) is reduced at the dropping mercury electrode @ME) in O.lM sodium aspartate 
at pH 4, and for a concentration of lo-*M the Et is -0.62 V. The hydrogen wave occurs at -1.2 V 
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Summary_-A method is proposed for the spectrophotometric determina- 
tion of germanium with Bromopyrogallol Red. A red-violet coloured 
complex is formed at pH 2-3, with a stoichiometry equivalent to 
Ge(BPR),, and a molar absorptivity of 205 x 10’ at 550 rnp. Beer’s 
law is obeyed over the range 0.2-3 ppm. Germanium in cupriferous 
ores has been determined by the method. 

R&nn&On propose une methode pour le dosage spectrophoto- 
metrique du germanium au Rouge de Bromopyrogallol. A pH 2-3 
il se forme un complexe color& en rouge-violet, avec une stoechiometrie 
equivalent a Ge(BPR), et une absorption moleculaire de 20,s x 

lp a550 v. La loi de Beer est suivie dans le domaine 0,2 a 3 p.p.m. 
On a determine le germanium par cette methode dans des minerais 
cupriferreux. 

Zusanunenfassung-Ein Verfahren zur specktrophotometrischen Bes- 
timmung von Germanium mit Brompyrdgallohot wird vorgeschlagen. 
Bei DH 2-3 wird ein rotvioletter Komnlex mit der Stiichiometrie 
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Polarography of molybdenum in aspartic acid solution 

(Received 2 February 1967. Revised 1 June 1967. Accepted 20 August 1967) 

A NUMBER df polarographic methods, many requiring preliminary separations, have been described 
for the determination of molybdenum. 1-5 Meites,’ Piibil,’ and Parry” have given methods for its 
determination in the presence of tungsten, using as electrolytes solutions containing citrate, EDTA, 
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in citrate-containing media. I1 Pantani reported that molybdenum(VI) is also reduced in solutions 
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aspartic acid as a suitable electrolyte for the polarographic determination of molybdenum, following 
similar investigations into the use of other electrolytes. la-l4 Interferences from a number of metals 
have been studied. 

EXPERIMENTAL 

All chemicals used were of reagent grade, and the solutions were prepared in doubly distilled 
water. The pH of solutions was adjusted by addition of IM hydrochloric acid to sodium aspartate 
solutions. 

A manual polarograph with a “Scalamp” galvanometer was used. The dropping mercury 
electrode had the following characteristics: m = 2.24 mglsec, t = 3.04 sec. Purified hydrogen was 
bubbled through the sample solutions to remove dissolved oxygen. An H-type cell was used with a 
saturated calomel electrode and an agar-saturated potassium chloride salt bridge. All measurements 
were made at 25°C. 

DISCUSSION 

Molybdenum(V1) is reduced at the dropping mercury electrode @ME) in O.lM sodium aspartate 
at pH 4, and for a concentration of lo-*M the Et is -0.62 V. The hydrogen wave occurs at -1.2 V 
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in this medium. The diffusion current decreases with increasing negative potential after a maximum. 
At lower pH (in O.OlM aspartic acid solution) two waves are found, the height of the 5st being about 
half the height of the second, suggesting that reduction occurs first to MO(V) and then to Mo(II1). 
Figure- 1 shows such a polarogram. 

P 
60 - 

s 
& 50- L 

Applned voltage 

FIG. I.-Polarogram of 2 x lo-%f molybdenum(W) in 0.01&f aspartic acid. 

The total diiusion current, corrected for the residual current, has been found to be proportional 
to the concentration of molybdenum(W) over the range 10-8-10-sM, when measured at pH 4 and 
-1.0 V us. the SCE. At higher concentrations, the wave is shifted in a negative direction along the 
potential axis. 

The diffusion coefficient for the reducible species, assuming a three-electron transfer, is calculated 
to be 144 x W6 cm* se@, about 30% higher than that for chromate ions (1.1 x 1O-6). This may 
be due to the existence of a polymerized species, which may be an aspartate complex. The degree of 
polymerization does not appear to change with the total molybdenum concentration, as the diffusion 
coe5cient remains constant. 

The plots of log i/& - i) us. E gave a slope of 0.11, from which it was concluded that the electrode 
reactions were irreversible. The total diiusion current was found to be proportional to the square 
root of the height of the mercury column, showing that the reduction wave is diffusion controlled. 
The diiusion current increases by 2.4 %/deg over the temperature range 25-W. 

The decrease in the diffusion current with increasing negative potential may be explained by 
assuming that adsorption of the reducible species is necesmry before reduction can occur, so that the 
current becomes less because not all of the ions reaching the electrode are adsorbed and reduced. 

The half-wave potentials of the molybdenum(VI) waves are shifted to more negative values at 
higher pH, as shown in Fig. 2. 

FIG. 2.-Polarograms of 10-8M molybdenum(W) in O*lM sodium aspartate at 
various pH values. 
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Interfering ions 

Tungsten is not reduced at the dropping mercury electrode in 0.lMaspart.i~ acid, but when present 
in greater than lOO-fold molaz excess over the moly~en~, it dues interfere. It is possible that 
tungsten forms a complex with aspartic acid that is stronger than the molybdenum one. The optimum 
concentration for the determination of molybdenum in the presence of large excesses of tungsten is 
around 6 x IO-*&f. The method of standard additions is recommended, and the error is about 1%. 

Molybdenum may also be determined in the presence of Co(II), Ni, Cu(II), Mn(II), Th, or 
Cr(VI). Cobalt is not reduced at the DME, but nickel is. (Et = -1.08 V) in the aspartic acid 
solution. When the concentration of either is less than the concentration of the molybdenum the 
interference is negligible. Chromate gives an auodic wave, but small amounts (l/20 that of the 
molybdenum) can be tolerated. Copper is reduced with .E+ = -O*OS V, and small amounts (l/50 
that of the moIybdate) can be tolerated. Gelatin should be added when chromate or copper is present. 
Manganese is not reduced, and does not interfere, while thorium is reduced at a more negative 
potential and quantities equal to the amount of molybdenum can be tolerated. 
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Summa~--The polarographic behaviour of Mo(V1) in solutions of 
aspartic acid is reported. In O*Ol&facid, two waves are obtained, but 
at pH 4 only one, and they are di&rsion controlled. The determination 
is possible in the presence of Ni, Cr(VI), W(YI), Mn(I0, Co(H), Cu(I1) 
or Th, with au accuracy of 2% in the range 1O-6-1O-“&f. 

Zusanun&&sang-Es wird tiber polarographische Verhalten von 
MoIVD in As~arati~ure enthaltenden Ltlsunaen berichtet. In 0,01&f 
S&e werderi zwgi Stufen erhalten, bei pH 4 jedoch nur einei sie 
sind dhTusion&ontrolliert. Die Bestimmung ist in Gegenwart von 
Ni, Crfvr), W(Vi), Mn(Il), Co(H), Cu(II) oder Th mtt einer Ge- 
nauigkeit von 2% im Bereich 10-6-10-a~m~g~ch. 

R&mrn&Gn d&it le comportemeat polarographique du MoorI) en 
solutions d’acide aspartique. En acide 0,OlM on obtient deux vagues, 
mais a pH 4 uue seulement, et elles sont contr616es par diffusion. I.e 
dosage est possible en pr&ence de Ni, C!r(vI), W(V9, MnO, Co(n), 
Cu(II) ou Th, avec une p&&ion de 2% dans le domaine 10-6-10-8M. 
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LETTER TO THE EDITOR 

SIR, 

Exchange reactions on columns 

Successful determinations based on exchange reactions on columns have been reported from time 
to time in the literature; for example, Lambert and Yasudar have reported satisfactory results in 
determining chloride ions with a column of granular silver iodate. Such methods do not appear to 
have come into general use, for it has not been possible to find any account of further critical stuc’ies 
of the recommended procedures. Because there is a considerable need in the field of analysis of acid 
radical8 for a method of determining concentration8 of sulphate and chloride ions at the 1 &ml 
level, several exchange reactions have been studied’ from the aspect of their behaviour on columns. 
Such a combination would be attractive in that, with a calorimetric end-determination, it could be. 
adapted to automatic methods of analysis. 

Barium sulphate is the most insoluble of the commonly-known sulphates and was used in exchange 
reactions by causing the sulphate ions to react with a rather less insoluble barium salt deposited on a 
column of pumicestone. Three. barium salts were investigated-chromate, molybdate and chlorani- 
late.8 Barium chromate columns gave reasonably low blanks when 50 % v/v ethanol-water mixtures 
were used as solvent. However, only 5-15% of the sulphate ions reacted when passed down the 
columns, presumably because there was an insufficient solubility difference between barium chromate 
and barium sulphate to drive the exchange reaction to completion. Barium molybdate is more 
soluble than the chromate and so a substantial reaction occurred but the blanks were correspondingly 
higher. Barium chloranilate was not sensitive enough at the 1 yg/ml level of sulphate to give a colour 
intensity distinguishable from that of the blanks. 

Mercury(I) and mercury(E) iodates and periodates were used on pumice-stone for determining 
low concentrations of chloride ions. The possibility of chloride ions reacting with these materials 
depended on the greater insolubility of mercury(I) chloride or on the low degree of dissociation of 
mercury(II) chloride. The iodate and periodate ions released were determined by the amplification 
reaction with potassium iodide. Mercury(I) iodate gave reasonably low blank8 but only 50% and 
94% reaction at the 1 and 50 &ml levels of chloride ions respectively. Mercury(E) periodate also 
gave satisfactory blanks but incomplete reaction. The remaining two mercury compounds gave high 
blanks in addition to incomplete reactions. In all four cases the incomplete reactions were most 
probably due to the relative solubilities or degrees of dissociation of the reactants and products 
being insufficiently different for completion of the reactions. 

The results obtained with the seven columns investigated showed that, for 1 rg/ml concentrations, 
the blanks were too high and/or reaction was incomplete. It appears that it is virtually impossible to 
find a material that will give a perfect compromise because a material insoluble enough to give a low 
blank would provide insufficient difference from the product solubihty for the reactions to go to 
completion. 

In their work Lambert and Yasudar made use of the factor of 30 in the respective solubilities of 
silver iodate and silver chloride. There is only a factor of 4.5 between the solubilities of barium chro- 
mate and barium sulphate. However, the lowest concentration of chloride ion used was 30 ppm 
(i.e., 30 &ml) at which concentration the blanks amounted to only 5 % of the chloride measured. 
Barium molybdate is 26 times as soluble as barium sulphate and this favours reaction, but the high 
blanks obtained would restrict the method to higher sulphate concentrations, for which other existing 
methods would probably be used. 

Esso Research Centre 
Abitgdon 
Berkshire 

G. A. H. ROBIZRTS 

20 September 1967 
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Summa~-A rapid and simple neutron-activation analysis method has 
been developed for the determination of copper m plant leaves. 
Irradiated samples are dtssofved in a mixture of fummg nitric acid, 
70% perchtortc acid and concentrated sulphurtc actd in the presence 
of copper carrier solutton. The copper in the resulting solution is 
extracted as copper cupferronate into chioroform and back-extracted 
into concentrated ammonia solution. The copper is precipitated as 
sulphide wtth 3 y/, aqueous thioacetanude solutron and the precipttate 
is dissolved m mtric acrd. The induced activity of copper-64 m the 
resulting solution is counted with a 4OO-channel analyser. The photo- 
peak of the annihilation energy of copper-64 at 0.51 MeV is compared 
with that of a copper standard processed in the same manner. After 
counting, the chemrcal 
re-irradtatmg aliquots o fy 

ield of the separated copper IS found by 
the copper nitrate solutton and comparing 

the induced acttvity of copper-66 at 1.04 MeV with that of another 
standard processed m a similar mariner. The trmc required to complete 
the analysis, mcludmg the second irradiation and all radtoacttvity 
measurements, IS about 25 mm. The accuracy of the method was 
checked by anaiysmg a biotogical standard of known copper content. 
The proposed method was successfully apphed to the determination 
of copper m the leaves of 10 dtfferent plants (copper content 4- 
30 ppm). 

COPPER has been long known as an essential trace element for the growth of plants.’ 
Neutron-activation analysis, with its advantages of high sensitivity and elimination 
of reagent blanks, is considered one of the best methods for the estimation of copper 
in any biological tissue. The determination of copper in different materials by this 
method has been reported.2-7 

Non-destructive activation analysis in conjunction with gamma scintillation 
spectroscopy cannot be successfully applied for determining copper in plant tissues, 
mainly because the isotopes of manganese, sodium and potassium also present 
after irradiation seriously interfere with the measurement of the induced activity 
of copper-64 or copper-66. 

Several workers have used radiochemical separations based on precipitation,s-10 
ion-exchange,11-13 paper chromatographyl* or electrodeposition methods,16*u 
combined with activation analysis to determine copper in plants. Such methods give 
an excellent degree of radlochemical purity for copper but are time-consuming and 
are practicable only if they are used in conjunction with the de~rm~ation of other 
trace elements. On the other hand, solvent extraction methodP are suitable for fast 
radiochemical separations of many elements including copper. 

Kaiser and Meinke18 developed a very rapid activation analysis method for 
determining copper in biological tissue by applying extraction and precipitation 
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methods to isolate copper, and measuring the induced activity of copper-66. However, 
the chemical yield correction for copper was made iodometrically after counting. 

The simple and rapid technique of re-activation for determ~~g the chemical 
yield of a short-lived radionuclide and its carrier after a radiochemical separation 
was first applied by Kamemoto and Yamagishr ‘1s--21 for aluminium, vanadium and 
magnesium. The same technique has been applied in the present work for the chemical 
yield correction of copper. 

This paper describes a simple, rapid and accurate activation analysis method 
for the determination of copper in the leaves of different plants. The method is a 
combination of destructive and non-destructive activation analysis in which copper-64 
after a fast radiochemical separation, and copper-66 after re-activation, are counted. 

The fast-neutron induced reaction %n(n, p)Wu is unlikely to interfere with the 
determination of copper in plants. The amount of zinc in plant9 is usually less 
than lOOpg/g, from which amount the %u produced by the reaction above is 
equivalent to only 0.07 pg of copper ,w*pLI which is about l/l00 of the normal copper 
content in plants. 

TABLE I.-NUCLEAR DATA FOR THERMAL NEUTRON AIXVATION OF COPPER** 

Activation Product 
Natural aoss- of thermal 

Stable abundance ssction, 
Energy of 

neutron Half- Mode of radiation, 
isotopes % bUf/lS irradiation hfe de+=Y M?V 

@“Cu 69-l 4.3 “CU 12.8 hr PI f’ 057/V, O-658-, 
1*34y (weak) 

Vu 30.9 18 %U S-1 min 8, y 2*6SS_, 1*04y, 
others (weak) 

Apparatus 
EXPERIMENTAL 

PuJse ke&ht amzJyser. An NaI(Ti) crystal (3 x 3 in.) coupled with an Intertechnique 4OO-channel 
gamma spectrometer s&40* 

SeinrtJJatJon counter. An NaT(T1) well-type scintillation crystal (2 > I.75 in.) connected wrth a 
single-channel analyser. 

Reagents 
Analytical reagent grade materials were used. 
Co ~GI carrier sofutron. Dissolve ‘~~~o~phi~~pu~” copper metaf for1 in 1% nitric acid to 

pro vii! e a solution containing 10 mg of copper per ml. 
Copper stanabrd solutions. Standardize the copper carrier solutton and dilute it to give solutions 

containing (A) SO ,ug of copper per ml, and (B) 2 mg of ccpper per ml. 
Capper radJotracer. Irradiate SO mg of “spectrographically-pure” grade copper metal fotl at a 

neutron flux of about 2 x lo** n cm-* see-I. Allow the irradiated sample to coo1 for 2 hr so that the 
induced activity of l Lcu wiI1 decay to a neg@ible amount. Dissolve the copper foil in 2 ml of con- 
centrated nitric acid and make up to SO ml with water in a standard flask. 

Wium chloride ho&f-back carrier soJution. 
taining 10 mg of sodium r ml. 

Prepare an aqueous solutton of sodium chloride con- 

MarlgMcsc suJ@te oM-back carrier solution. R 
suiphatc containing 20 mg of manganese per ml. 

Prepare an aqueous solution of manganese 

Preparation of sampJes for Jrradiation 
The plant leaves were washed with detergent, rmsed with dlstdled water and oven dried at 75’ to 

constant weight. The dried sample-s were ground with a perspex mill. 
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Irradtation 

All neutron lrradlatlons were carried out in the “Dcmocrltos” Reactor of the Nuclear Rexcatch 
Centre cjf Greece, usmg the pneumatic transfer (rabbit) system. 

The samples wclghmg 150-200 mg each, bcrc placed 111 polycthylcne tubes (10 x 30 mm). 
Aliquots of 0.5 ml of the standard copper solution A were translcrred by plpcttc mto identical poly- 
ethylene tubes. The tubes were heat-se&d, wrapped m plastic sheets and Irradiated for 35 min in a 
thermal flux of about 2.2 s 10” n cm-’ see-1 

A second lrradlatlon at the same flux was performed to determme the chemical )Jd correction 
for copper lsolatcd by the proposed rad~ochemlcal proccdurc Dctalls are given under Chmtrralyteld 
dctermrrration. 

DEVELOPMENT OF METHOD 
Extractron expcnmwrs 

Several experlrncnts were carried out m order to cstnblrsh the radlochemlcal separation of copper 
by extraction as copper cupferronate mto chloroform from dlflercnt conccntratlons of mtrtc, per- 
chloric and sulphurlc acids, the acids used for the dlscolutlon of plants. Copper carrier .md copper 
radiotracer solutrons were used. After the extraction of copper Into chloroform and the cqurhbratton 
of the two phases, ahquots of each phase were wlthdra\l II for :J-radIoactIvIty measurements with the 
scintillatron counter. The time of extraction was 1.5 mm; the phase ratio, orgaruc to aqueous, was 
l:2. The concentrations of copper and cupferron were 3 3 x 10-SM and 0 13M respectikelv. As 

can be seen from Fig 1, m the absence of actds the extraction of copper mto chloroform IF about 99 Y< 

FIG. I.-Effect of H*SO,, HClO, and HNOa concentration on the extractability of 
copper cupferronate with chloroform. 

complete, but with an increase of sulphurlc acid concentration there is a continuous drop in the extrac- 
tion of copper. The same IS true for perchloric and nitric acids but the drop is sharper. However, at 
low concentrations of acid, e.g., at @5N, the extraction of copper is greater than 88% for all acids. 
Thus, by simple dilution of the solution resulting from the wet-oxidation ofplants, thepropercondi- 
tion for copper extraction are obtained wlthout any further chemical step. 

Back-extraction experiments have shown that copper extracted into chloroform can be stripped 
from the organic phase with better than 96 % efficiency by thoroughly shaking it for 1 min with 15 ml 
of concentrated ammoma solution. 

Re-irradiation 

One-ml aliquots of the copper standard solution B were transferred into polyethylene tubes and 
irradiated for a time rangng from 5-100 sec. It has been found that an Irradiation time of 45 set is a 
proper time for good countmg statistics when counting IS for a 30-set permd. In order to minimize 
errors due to geometry, molten paraffin was cast into a 104 Erlenmayer ilask contaimng a poly- 
ethylene tube to produce a hole in which the irradiated polyethylene tubes could be inserted for 
counting. 

Procedure 

After the irradiation, open the samples and standards behind a shield. Transfer each sample into 
a 1004 beaker containing 1 ml of copper carrier solution and 1 ml of each of the hold-back carrier 
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solutions of manganese and sodium. Add 3 ml of fuming nrtric actd, 2 ml of 70 % perchloric acid and 
1 ml of concentrated suUglmric actd, and heat the beaker over a bunsen burner until white fumes of 
perchloric acid are evolved. Cool, add 35 ml of water, and after dissolution, cool the beaker in-an ice- 
bath to room temperature. Decant the solution into a lOO-ml separatory-funnel containing 25 ml of 
chloroform and 15 ml of 6 “/. aqueous cupferron solution. Shake the contents for 13 mln and leave 
the two phases to 
containing 15 ml o concentrated ammonia solution. To the “9 

uilibrate for 05 n&t. Transfer the organic 
Ls 

base to a second separatory-funnel 

chloroform and shake the contents for 1 min. 
t separatory-funnel add 25 ml of 

After equilibration transfer the organic phase to the 
separatory-funnel contahtlng the ammonia and the chloroform layer from the first extraction. Shake 
the contents for 1 min and after equilibration discard the organic phase and draw off the aqueous 
phaseinto a SO-ml centrifuge tube containing 10 ml of 3 “/. aqueous th~oacetamide solutaon. Centrifuge 
the mtxture, discard completely the supematant liquid, wash the copper sulphide precipitate with 10 ml 
of distilled water and centrifuge again. After centrili@on. decant the supematant liquid and 

ENERGY (MN) 

FIG. 2.-Gamma-ray spectra of copper64 and copper-66 after reactivation, 
taken at S-min intervals. 

dissolve the precipitate in 2 ml of concentrated nitric acid by heating the centrifuge tube over a burner. 
Transfer the resulting solution of co 

g tube with 2 ml of disttlled water with t 
per nttrate into a S-ml volumetric flask. Wash the centrifuge 

Sask. 
e aid of a washing-bottle and decant the washings into the same 

Dilute to volume with water, mix, and count the contents of the flask. Transfer with a micro- 
pipette 100 ~1 of the irradiated co 
copper carrier solution and 1 ml o P 

per standard solution A into a MO-ml beaker containing 1 ml of 
each of the hold-back carrier solutions of sodium and manganese. 

Follow the same procedure used for the plant sample. 

Activity measurements 
Take a 4-min count of the volumetric flasks containin 

irradiated samples and the standards, on the crystal of t h 
the copper solutions isolated from the 

e multichannel analyser. Compare the 
areas under the Ucu QSl-MeV armihilation energy photopeak for the samples and standards accord- 
ing to the method reported by Covell .*’ A y-ray spectrum of an irradiated sample was taken after the 
radiochemical separation of copper and shown to be that of purPCu. Gamma-raycontammantswere 
not apparently present. This w&s also checked by making decay studtes and dete&ning the half-life 
of ‘Y=u. The value found corresnonds to the one renorted in t’le literature.” It has been also found 
by radiotracer experiments that*decontamination f&ztors of 7 x KY for manganese and >l(r for 
arsenic, potassium, sodium and zinc are obtained by the proposed radiochemlcal procedure. 

Determhat&n of chemicaI yield 

Immedlately after counting, the chemical yield of the isolated copper was determined by re-actt- 
vation. Since it is the Ucu induced activity which is measured after re-activation it is not necessary 
to wait for the decay of %u counted after the 6rst irradiation. Aliquots of 1 ml of the copper nitrate 
solution in the volumetric flasks, were transferred by pipette into polyethylene tubes, and l-ml 
aliquots of copper standard solution B into identical polyethylene tubes. The tubes were heat-sealed, 
wrapped in plastic sheets and irradiated for 45 set at a thermal flux of about 2.2 x 10” n cm-s se@. 
The irradiated tubes were placed in the paraffin block in the small Erlenmayer flask (see Re-irrudiution) 
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and counted on the crystal of the multlthannel analyser for 30 sec. The areas under the l-WMeV 
Wu photopeak were evaluated accordmg to the method of Covell. *I The relative standard deviation 
of the re-activation procedure is 5 2 8 “/:, The chemical yield of copper averaged 78%. 

The pure y-ray spectra of Wu and *VU taken after re-acttvatton at S-min intervals are shown m 
Fig. 2. 

RESULTS 

Results of the determination of copper in the leaves of 10 different plants are 
fisted in TabIe II. The results given are the mean values of at least tripIicate analyses. 
The accuracy and reproducibility of the method were checked with the aid of a 

TABLE iI --DETERMINATtON OF COPPER IN THE LEAVES OF PLANTS 

Plant 
Copper, copper I 

t&g Plant rglg -.-- 
Ohve tree 50 Cotton 10.7 
Orange tree 43 Sugar beets 137 
Pme tree 5.3 Tobacco 30.8 
Tangerine tree 61 Alfalfa 96 
Corn 5-9 Grass 9-O 

Results are means of 3 analyses and are referred to dried samples. 

biological standard, 10 samples of which were analysed by the proposed method. 
The amount of copper found in the biologi~l standard was 4-4 pg per gram of dried 
matter. This value is in very good agreement with the copper content found by 
other laboratories for the same sample. 28 The overall relative standard deviation 
was &5*5%. The time required to complete the analysis after the first irradiation 
is about 25 mih, including the second irradiation and all radioactivity measurements. 
This time is made up as follows. 

Dissolutton of sample 
Double extractlon of copper 
Back-extraction-preclpltatlon of copper 
Centrlfugation-w~hing of prectpztate 
Dissolutron of precipitate and preparatton for countmg 
Countmg 
Re-lrradtatton procedure: 

4 min 
4 min 
2 min 
4min 
3 min 
4mm 

Preparation of sample 
for re-irradiation 
Re-irradiatton time 

Elapsed time before counting 
Countmg 

1.50 mm 
0 75 min 
1.25 mm 
0.50 min 4 min 

25 min 

A ~nimum of 0.3 yg of copper can be determmed by this method, with a 35 
min irradation, but this mmimum could be lowered by at least 2 orders of magnitude 
if the duration of irradiation was mcreased to 12 hr. 

CONCLUSION 

The method is characterized by its rapidity, simplicity, and accuracy making it 
convenient for a series of analyses. The induced activity of Wu in the first irradiation 
and @%u in the second irradiation are used for the determination and the chemical 
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yield of copper respectively. It is considered that the same neutron-activation 
technique can also be applied to the determination of copper in any biological 
material. 

Acknowledgemenrs-The author is indebted to Dr. H. J. M. Bowen who supplied the biological 
standard sample. He wishes also to thank Dr. N. Yassoglou and Dr. T. Hayes for helpful discussions, 
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R&&-Gn a ClaborC une methode rapide et simple d’analyse par 
activation de neutrons pour le dosage du cuivre dans des feudles de 
p!ar+s. Les echantillons irradres sont dissous dam un melange d’acrde 
mtrrque fumant, d’acide perchlorique 70% et d’acide sulfurique 
concentre en presence d’une solution d’entraineur de cuivre. Le 
cuivre de la solution resultante est extrait a P&at de cupferronate de 
cuivre en chloroforme et reextrait dans une solutron concentree 
d’ammoniaque. On gr6ciprte le cuivre a P&at de sulfure par une 
solution aqueuse a 3 A de thioac&amide et d&out le pr&rprtC dans 
I’acrde nitrique. L’activitC induite du cmvre44 dans la solution 
resultante est comptQ avec un analyseur 400 canaux. On corn 
photo 

P 
ic de 1’Cnergie d’annihrlatron du ctuvre-64 a 0.51 MeV pie celur 

d’un talon de culvre trait6 de m6me man&e. Aprts comptage, on 
trouve le rendement chunique du cuivre s+ar& en irradiant de nouveau 
des parties ahquotes de la solution de nitrate de culv~c et en comparant 
l’activitb indurte du cuivre-66 a I,04 MeV a celle d’un autre Ctalon 
trait& de man&e semblable. Le temps n&cc&C pour effectuer 
l’analyse, y compris la seconde irradiation et toutes les mesures de 
radloactwit6, est d’environ 25 mn. On a contr616 la p&&ion de la 
mtthode en analysant un Ctalon biologique 8 teneur en cuivre connue. 
La m&hode propos&e a Cte appliqu& avcc sucks au dosage du cuivre 
dans les feuilles de 10 plantes drff6rentes (teneur en cuivre 4-30 p.p.m.). 

mass--Eine schnelle und einfache Neutronenaktrvierung- 
methode xur Bestimmung von Kupfer in Ptlanmnbhittern wurde 
entwickelt. Die bestrahlten Proben werden in Gegenwart von Kupfer- 
Triigerlosung in emem Gem&h aus rauchender Salpeters&ure, 70 %iger 
~berchlors&ue und konxentrierter Schwefelsiiure gel&t. Das Kupfer 
in dieaer Losung wird als Kupferronat in Chloroform extrahrert und 
in konxentrierte Ammoniakldsung zurtickextrahiert. Es wrrd mit 
3%i 

f 
r wiiDriger Thioacetamidlosung als Sulfid getUt und der 

Nre erschlag in Salpetersiiure gelbst. Dte Kupfer-64-Aktivitgt in 
dieser L&sung wud mit einem 400-Kanal-Analysator @hit. Der 
Photopeak von Kupfer-64 bei 0,51 MeV wird mlt dem eines gleich 
behandelten Kupferstandards verglichen. Nach dem Z&l&n wird dte 
chemische Ausbeute an abgetrenntem Kupfer ermittelt durch noch- 
maliges Bestrahlen von abgemcssenen Teilen der Kupferrutratldsung 
und Vergleich der Kupfer-66-Aktrvitat bei 1,04 MeV mit einem 
weitercn ebenso behandelten Standard. Der Zeitaufwand fur die 
Analyse emschli&lich xweiter Bestrahlung und allen Akttvmits- 
mcssungen betragt etwa 25 min. Die Genatugkert der Methode wure 
geprtift durch Analyse eines biologischen Standards von bekanntem 
Kupfergehalt. Die vorgeschlagene Methode wurde mit Erfolg auf die 
Bestimmung von Kupfer in den Bliittern 10 verschiedener PtIanxen 
angewandt (Kupfergehalt 4-30 ppm). 
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Sammary-The effect of dimethyl sulphoxtde on the anion+xchange 
behavtour of many metals in a methanolic system with hydrochlorr 
acid was explored. Distribtmon coefficients for 26 eIements were 
determ~~ m a mtxed solvent system of dimethyl s~phoxi~th~- 
01-9 6h4 hydrochloric acid, in which the proportrons of diiyl 
sulphoxtde and methanol were vaned. Lead(H) and silver(i) complexes 
are soluble m this system. Interesting effects were noted for gold(M), 
rron(H.D, moIy~num(~) and ~~~~. As a measure of the 
usefulness of the systems studii, 27 anion-exchange separations of 
two- to four-component mixtures of metai ions were carried out, at& 
with quantnattve results. 

AN~oN~xchange, especially in systems ~n~ining hydrochlo~c acid, has found 
extensive application for separations of metal ions. Although useful separations may 
be obtained in aqueous solutions, several authors have demonstrated the advantages 
and increased scope of separations made possible through the use of organic sol- 
vents.l-B Of the various organic solvents used in systems involving hydr~hlo~c 
acid, methanol has much to recommend it. Equilibrium is usually established more 
quickly in methanol than in most higher alcohols. Methanol is a fairly good solvent 
for most metal chlorides, is miscible with water and is easily removed by evapora- 
tion following a separation. Finally, a study of 23 metal ions in 0*3 or 0*6&f hydro- 
chloric acid in methanol showed that all of the elements studied fall into two general 
groups.‘5 One group of metal ions has high distribution coefficients and the elements 
are strongly retained by an anion-exchange column; the metal ions in the other 
group all have low distribution ~mcien~ and pass rapidly through an anion-exchange 
COhiilBl. 

In the present research a comprehensive study was made of the effect of dimethyl 
sulphoxide ~MSO) on the anion-exchange of metal ions in solutions containing a 
metal ion, 0*6&f hydr~hloric acid, and varying proportions of methanol and d~ethyl 
sulphoxide. The unusually strong soivating effect of diiethyl sulphoxide on metal 
chloride complexes has resulted in some interesting, unique and useful ion-exchange 
effects. For example, lead@) and silver(I) chloride complexes are sumcien~y soluble 
in DMS~me~~ol-hydr~hlo~c acid to permit separation of macro quantities of 
these elements on ion-exchange oolumns. The use of a fairly new, highly porous 
anion-exchange resin permits more rapid equilibration in non-aqueous solvents and 
enhances the convenience of the separations reported. 

* Work was petformed in the Ames Laboratory of the U.S. Atomic Energy Commission. Con- 
tribution No. 2170. 
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EXPERIMENTAL 

Ion-e*chan,oe resrn. Amberlyst XN-1001 macroreticular amon-exchange resin (Rohm and Haas 
Company, current designation Amberlyst A-26) was used throughout this study. The active sites 
for anion-exchange in this resm and m all other strongly basic amon-exchange resms are quaternary 
ammomum groups. It was ground m a Waring blender and sieved to 6&100 mesh before use. The 
amen-exchange resin was regenerated as follows: the resin (N15Og) in a large diameter column 
(8 5 cm) was first back-washed with dlstilled water to remove any fine partdes. The resm was then 
washed with 2 I. of 2.5 M perchlorlc acid to remove metal ions, after which it was rmsed with 
water and converted mto the chloride form by washmg successively with 2 1. of 2 5 M hydrochlonc 
acid and with 2 1. of l*OM hydrochloric acid. The resm was rinsed with water, then with absolute 
ethanol and finally with acetone, after which it was au-dried on filter paper for 24 hr. For column 
experiments the au-dried resm was soaked in the elutmg solution prior to its addltlon to the column. 
It was added to the column as a slurry m the elutmg solution and washed with about 30 ml of this 
solution prior to the addltlon of metal samples 

Organic soluents. J. T. Baker purified methanol, absolute ethanol and acetone, and Matheson 
Coleman and Bell white-label methyl sulphoxide (anhydrous) were used throughout this work. 

Organic solcent-hydt ochloric actd mrxtures. The mixtures were made by adding concentrated 
hydrochloric accld to the appropriate amounts of organic solvents. The mixture composittons were 
expressed as % v/v of one organic constituent in terms of the total volume of the organic solvents, 
and molarity of the hydrochloric acid. 

Metalions investgated. All cations for this investigation, except molybdenum(VI), zircomum(IV), 
sdver(I), indlum(III), uramum(VI), thormm(IV) and vanadium(IV), were used as reagent-grade 
chloride salts. Molybdenum was used as ammomum molybdate; uranium, sdver, and thonum as the 
nitrates; vanadium as the sulphate (VOSO,); mdlum as the chloride prepared from metallic indium. 
Zirconium was obtained as hafnium-free zirconyl chloride (ZrGCl,) from the Ames Laboratory of the 
U.S. Atomic Energy Commlsslon. 

Radtoactave metal sample. RadioactIve silver(I) ( llo+-lloAg; 260day half-hfe) was obtained from 
Oak Ridge National Laboratory in the form of silver(I) nitrate m 3M mtric acid. 

Metal ion solutrons. Solu’lons for distribution coefficient measurements were prepared with metal 
concentrations of 0.05M by dissolvmg the metal salts in either &methyl sulphoxide or methanol and 
sufficient hydrochloric acid to effect solution being added if necessary. Metal solutions used for most 
column separations were prepared by dissolving the metal salts in 50% dimethyl sulphoxide-methanol 
-0.6M hydrochloric acid so that the metal ion concentration was 0.OlM. 

AnaIytical procedures 

Most metal ions were determined by titration with 0 01-O OSM EDTA by standard tltrimetric 
methods. 

Uranium0 was determined spectrophotometrlcally (at 428 m,u) in 30% dimethyl sulphoxide- 
methanol-0.6M hvdrochloric acid as its yellow comulex with dimethvl sulphoxlde. 

Silver(I) and &olybdenum(VI) were-determined by flame emission spectroscopy. All samples 
were submitted to Analytical Services Group II of the Ames Laboratory for analysis. Sdver was 
determmed in solutions of 30% dimethyl sulphoxide-methanol-O*6M hydrochlonc acid by use of an 
oxy-hydrogen flame. The emission line used for analysis was 3386 A. Molybdenum was determined 
m solutions of 30% dlmethyl sulphoxlde_methanol~*6M hydrochloric acid by use of a fuel-rich 
oxy-acetylene flame. The analysis line was 3978 A. 

Gold(II1) was determined by atomlcabsorption spectroscopy. Samples in 30 % dimethyl sulphox- 
lde-methanol-O.6M hydrochloric acid were submitted to Analytical Services Group I of the Ames 
Laboratory for analysis. A gold hollow-cathode lamp was used and absorption measured at a 
wavelength of 2428 A. 

Silver(T), 260-day half-life, was used in a column study to demonstrate its quantitative elution with 
concentrated hydrochloric acid. It was added as a tracer m a stock solution of salver chloride and 
after elutlon its recovery was determined by comparison of the counts of the recovered sample with 
those in an identical aliquot taken from the stock solution. The instrument was set at a threshold 
energy of 0600 MeV, and a window width of 0400 MeV was used. The total activity added to the 
column was 0.25 !irC and 2% of this was counted for recovery evaluation. 

Distribution coeficients 

Distribution coefficients were determined in the followmg manner: quantities of approximately 
1 g of air-dried anion-exchange resin were accurately welghed into 250-ml ground-glass stoppered 
Erlenmeyer flasks. Then 50 ml of the appropriate solvent mixtures containmg @20 mmole of the 
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metal ton concerned were transferred by ptpette into the flasks. The flasks were ttghtly stoppercd and 
shaken on a Burrell shaker until equthbrtum was attained. Three N-ml aiiquots were taken of the 
liqutd phase whtch had been filtered free from resin, and these were anafysed for the metal ion present. 
Distribution coefficients werecalculated in terms of the wetght of the air-dried resm and then corrected 
once the weight-loss of the air-dried resm on heating at 110’ for 2 hr had been determined. The resin 
was found, generally, to lose 9% of tts weight on drying. 

In order to determine the time perrod required for equdtbration of a metal solution wrtb the resm 
phase, a kmetic study was made, using copper(E) as a representative element. Dtstrtbutton coetfi- 
cients of copper(H) in ZOO/, dimethyi sulphoxide-methanol4 6M hydrochloric acid were determmed 
as a function of ~uilib~~on time. 
distributton studies. 

From thts study an eqL~~ilb~tion time of 2 hr was chosen for all 

Column separatwn proceakre 
To prepare an ion-exchange column the an-drted resin was first siurried in a beaker with the 

solvent mixture bemg used, and the slurry was then added to a glass column to the desired height. 
A glass-woof plug was used to support the resm in the column. For most separattons a column 
height of8 cm was used. About 30 ml of the solvent mixture were then passed through the column at a 
moderate flow-rate to ensure the attainment of equiiibnum and also to help settle the resin. A giass- 
wool plug was placed at the top of the resm bed to help stabrhxe the resm when samples and eluents 
were added. The metal ion sample mixture was prepared by adding 5 ml of each metal solution (m 
the first eluting solvent) to the column by pipette. The mrxture was passed through the resm at a 
flow-rate of 1 ml~min, and the first component was ehited, usually by passing an additional 15 ml of 
the eluting solvent through the coh~mn at the same flow-rate of 1 mljmin. After elutton of the first 
metal the eiuent was changed to eiute the second component. It was never necessary to reduce the 
flow-rate below 1 ml/min to effect any of the separations performed. 

RESULTS 

Conventional anion-exchange resins are gel-like and often swell or shrink con- 
siderably when the composition of the eluting solvent is altered. Furthermore, the 
rate of exchange for these resins is often considerably slower in organic solvents than 
in water. This usually necessitates a slow flow-rate for column separations in non- 

FIG. I.-Comparison of the equilibra- 
tion rates of copper with Amberiyst 
XN-1001 and Dowex 1 x 8 anion- 
exchange resins in 30% dimethyl 
suiphoxido-methanoW6M hydrochlo- 
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aqueous solvents. The “macroretlcular” resins recently developed are characterized 
by large pores (several hundred A) which permeate the spherical beads.” This pore 
system is retamed in the dry state as well as when the resin is mixed with a solvent, 
and the resin does not swell or shrink appreciably. 

The macroreticular resin used in this work is Amberlyst XN-1001 (current 
designation A-26). The more rapid equilibration rate of this resin is demonstrated in 
Fig. 1 for copper(I1) in DMSO-methano146M hydrochloric acid equilibrated with 
this resin, and in a separate experiment with a conventional anion-exchange resin. 
In this particular case, the equilibrium value of the distribution coefficient is consid- 
erably higher for the Amberlyst than for the other resin. 

Distribution coefficients for 26 elements, measured in 0*6M hydrochloric acid m 
varying proportions of dlmethyl sulphoxide and methanol, are presented graphically 
m Figs. 2 and 3 and in Table I for the elements with low dtstributlon coefficients 

TABLEI -DISTRIBUTION COEFFICIENTS OF MTAL IONS ON AMBERLY~T XN-1001 
FROM DIMETHYL SLJLPHOXIDE-METHANOL-cb6M HYDROCHLORIC ACID 

Metal Ion 
Distribution coefficient 

30 % DMSO 50% DMSO 60 % DMSO 80 % DMSO 

Al(III) 

WII) 

M&II) 
Mo(V1) 

Ni(I1) 

Sr(I1) 

Th(IV) 

Tl(IV) 

V(IV) 

Zr(Iv) 

-0 

4 

-0 

094 

4 

4 

0 26 

4 
- 

- 

i I 

<I 

-0 

12 

.I 

4) 

041 

-0 
- 

Roughly the elements studied divide themselves into three groups. One group of 
metal ions is rather strongly retained by the anion-exchange resm from all composi- 
tions of methanol and DMSO. A second group, listed in Table I, is either not retained 
or is only slightly retained by the resin. A third group consists of metal ions which 
have high distribution coefficients m methanol but very low distribution coefficients in 
methanol-DMSO containing a significant proportion of DMSO. This group includes 
gold(III), iron(III), uranium(V1) and probably indium(II1) and molybdenum(VI). 

Lowering of the distribution coefficient of gold(III) by DMSO is useful because it 
permits gold(II1) to be eluted from an anion-exchange column in dilute hydrochloric 
acid solution. (This was confirmed by actual column experiment.) With conventional 
anion-exchange resins, gold(II1) has an extremely high distribution coefficient (up to 
10s) and is almost impossible to remove from the column. In this connection the 
suggestion of BurstalP of using acetone to remove gold from an anion-exchange 
column is pertinent. It appears, however, that dimethyl sulphoxide is more efficient 
than acetone for this purpose. 
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The much lower distribution coefficients of iron(III), molybdenum(W), uranium- 
(VI) and indium(II1) in solvents containing dimethyl sulphoxide is unusual because 
published studies indicate that the anion-exchange coefficients of these metals in 
alcohols and other organic solvents containing hydrochloric acid are generally quite 
high. Korkisch and HazatP did note that iron(III) and indium(III) have abnormally 
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FIG. 4.-Distribution coeBicients of copper on Amberlyst XN-1001 as a function of 
solvent composition in solvent systems containing 0*6M HCI and varying proportions of 

DMSO and another solvent. 
Dielectric constants for pure solvents: dimethyl sulphoxide, 48.9; methanol, 32.6; 

acetone, 20.7; tetrahydrofiuan, 8.0. 

low distribution coefficients in acetone-hydrochloric acid, and they used this effect to 
separate iron(II1) from cobalt(I1) and nickel(I1) .16 However, they found a distribution 
coefficient in excess of 100 for uranium(W), whereas our data show very low distribu- 
tion coefficients for uranium(W) in methanol-DMSO. 

The distribution coefficients for copper(I1) were compared for several dimethyl 
sulphoxide binary solvent mixtures, each containing 0*6M hydrochloric acid (Fig. 4). 
As seen from the dielectric constants of the pure solvents (given in the figure caption) 
there is no apparent relationship between the exchange behaviour and the dielectric 
constant for these solvents. 

Several other elements were studied in water-DMSO-O.6M hydrochloric acid. 
The results in Fig. 5 show that while the distribution coefficients for copper(U) and 
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00 01 02 03 04 

MOLE FRACTION Of DIMETHYL SULPHOXIDE 
Fm S.-Distribution coefiicients of four metals chforides as a function of the mole 
fraction of dimethyl sulpholdde in a system of dimethyl sulphoxide-water-@&W 

hydrochloric acid on Amberlyst XN-1001 resin. 

cobalt(I1) decrease with increasing proportions of water the distribution coefficients 
of bismu~(III), ~dmium(II~ and zinc(II) are actually higher in the solvent mixtures 
containing higher proportions of water. This means that bismuth(III), cadmium(I1) 
and zinc(I1) may be separated from copper and cobalt@) in water-DMSO-hydro- 
chloric acid. 

A study of the effect on metal distribution coefkients of increasing the hydrochloric 
acid con~ntration (and hence increasing the water content also) in 20 % DMS0-80 % 
methanol is given in Table II. It was hoped that this might result in a siguificant 
increase in the distribution coefficients of titanium(N) and zirconium(IV). However, 
the results approximate ion-exchange behaviour in aqueous solutions con~in~g a 
high concentration of hydrochloric acid, and no signifkant advantage is seen for the 
use of dimethyl sulphoxide and methanol over the aqueous system at high acidities. 

The ultimate test of the usefulness of a new system for ion-exchange chroma- 
tography lies in its applicability to actual column separations. Accordingly quantitative 
separation and analysis of some 27 mixtures containing from two to four different 
elements in each were performed. The data given in Table III are representative of 
the quantitative separations obtained; space does not permit a complete listing. 

e 
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TABLE II.-DBTRIBUTION COEFFICIENTS FOR FIVE METALS ON AMBERLYSC 
m-1001 RESIN FROM 20% DIMETHYL SULPHOXlDE-METHANOL-HYDRO- 

CHLORiC ACID SOLUTIONS AS A FUNCTION OF ACID STRENGTH 

[HCII Co(U) Pb(II) Ti(IV) Zr(Iv) Fe(lII) 

1*21&f (10%) 426 747 -0 -0 6.5 

2.42.M (20%) 293 338 ^o ^o 16 

3.62M (30%) 211 168 CIIO rco 47 

4.8SiU (40%) 155 67 ^o 4 142 

6.05&f (50 %) 117 22 0.39 --o 443 

72SM (60%) 87 7.0 0.80 1.6 1631 

8.45M (70%) 71 3.2 1.9 6.5 5426 

8.65M (72%) - - - 8.4 - 
9.07M (75%) 61 1.9 3.0 - - 

With few exceptions, the recoveries obtained are wrthin the limits of expected error 
for the titration conditions employed. 

The merits of the solvent system and resin used for these separations are impressive. 
Many elements are included in the separation scheme. Even for resolution of four- 
component mixtures, a column length of 10 cm proved totally adequate, because 
under the conditions of elution metals not eluted remain in tight bands at the top of 
the column until the eluent is changed to elute the next element. The flow-rate of the 
eluent through the column was at no time less than 1 ml/min, which is a considerable 
improvement over existing methods which generally allow a flow-rate of O-5 ml/min 
or less for the same diameter column. Elution curves for the elements are symmetrical 
and show no tailing (see Fig. 6). Application of elementary plate theory to this 
curve gave 36 theoretical plates for the 8*9-cm column, which corresponds to an 
HETP of 0.25. 

I I I I I I I I 
‘;I1 - 

&o_ 
ii! 
"9- 

&L- :: 1 

z7- 

56, 

2 6 

MILLILITERS OF EFFLUENT 

Fro. 6.-Elution curve for nickel(U) from an 8.9-cm column of Amberlyst Xl%1001 
resin, using 50% dimethyl sulphoxide-methanola6M hydrochloric acid. 
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DISCUSSION 

It IS mterestmg and useful that lead(H) and silver(I) are mcluded m the separation 
scheme gtven here. More than trace amounts of these elements cannot be separated 
by amon-exchange m other non-aqueous solvents because lead chloride and silver 
chloride precipitate. In solvents containing DMSO, the equihbrmm 

AgCl(s) + xCI- + (AgCl,,i)Z- 

IS apparently shifted to the right because of strong solvation by DMSO. Solubihza- 
tion of uncharged silver chloride by DMSO solvation is less likely because Agf and 
Cl- in an approximately 1: 1 mole ratio results in precipitation even in DMSO. 
Excess of chloride, however, dissolves the precipitate. Lead(H) probably forms an 
anionic chloride complex solvated by DMSO in some similar manner to the silver(I). 

The question arises as to how v\e may explain the facts, (n) that many metal ions 
are sorbed strongly by amon-exchange resins m organic solvents that contam a much 
lower concentration of chloride than IS required for their uptake from aqueous 
hydrochloric acid, and (6) that DMSO greatly decreases the uptake of iron(III), 
uranium(VI), etc. while maintammg a strong uptake of other metal ions such as 
copper(I1) and zinc(I1). The followmg explanations appear reasonable. 

(n) Organic solvents in general make it easier to strip co-ordinated water from a 
metal cation and form a metal-chloride complex. 1 The fact that these metal chloride 
complexes do form at low hydrochloric acid concentrations m organic solvents is 
evident from visible spectra in several instances. The metal chloride complexes 
formed may then be taken up by the aruon-exchange resin. This may occur by simple 
ion-exchange of the amomc metal chloride complex, or a neutral metal chloride 
complex may invade the resin and form an aniomc complex inside the resin by reaction 
with additional chloride ions. 

(6) Solvation of the metal chloride complex by the solution outside the resin 
competes with the process by which the metal complex is taken into the resin phase. 
Ordmarily uptake by the resin predominates, but an unusually strong solvating effect 
may cause the metal complex to remain mostly in the solution phase outside the resin. 
Apparently the latter occurs with iron(III), uranium(VI), molybdenum(W), gold(ITI), 
etc., when DMSO is present. Dimethyl sulphoxide is known to form complexes vl ith 
certain metal salts. Also, Korpakl’ showed that a higher dialkyl sulphoxide, dioctyl 
sulphoxide, causes the extraction of UO,Cl, or UO,(NO,), into an indifferent organic 
solvent by solvation of the neutral uranyl species. 

The best way to plot distribution coefficients as a function of solvent composition 
is open to question. Plots of log D us. log mole fraction of dimethyl sulphoxide are 
linear for most of the elements studied between 20 % and 80 ‘,?L of dimethyl sulphoxide 
but are curved at low concentrations of DMSO. The plots of log D us. % v/v DMSO 
are mostly hnear and are perhaps more clear for visual display of results. 

Zusammenfassung-Der EtnlW von Dlmethylsulfould auf das 
Antoncnaust~ti~chvcrllaltcll mehrerer Metalle m cmem salzsauren 
Methanolmcdlum \+urde untersucht. Dfe Vertcllungskoeffizlcnten fur 
26 Elcmente wurden m emem Mlschlosungsmlttelsystem Dm~ethyl- 
sulfoxld-Methanol-0,6M Salzsaure ermlttelt, wobel die Antede an 
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Dimethylsulfoxid und Methanol varuert wurden. Blei(lI)- und 
Srlber(I)-Komplexe sind m diescm System loshch. Interessante Effektc 
wurden be! Gold(III), Ersen(II1). Molybdan(V1) und Uran(V1) ge- 
funden. Als Mat3 fur den Nutzen der untersuchten Systeme wurden 
27 Amonenaustauschtrennungen von bmaren ba quaternaren Gemts- 
then von Metalhonen ausgeftihrt, jeweils nut quantrtattven Ergebnissen. 

R&sum&On a examine l’etfet du dtmtthylsulfoxyde sur le comporter 
ment d’echange d’anions de nombreux metaux dans un systtme 
methanolique avec de l’acide chlorhydnque. On a dttermme les 
coefficients de partage pour 26 elements dans un systeme de solvants 
m6langt+s constdub de dtmethylsulfoxyde-methanol-acide chlorhydrique 
0,6M, dans lequel on a fait varier les proportions de dtmethylsulfoxyde 
et de methanol. Les complexes du plomb(I1) et de l’argent(1) sont 
solubles darts ce systeme. On a note des effets mteressants pour l’or(III), 
le fer(III), le molybdene(VI) et l’uranium(V1). Pour &valuer l’utilite 
des systemes ttudtes, on a r&lid 27 separations par &change d’anions 
de melanges d’lons metalhques contenant deux P quatre constnuants, 
chacune avec des r&hats quantrtatifs. 
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VERBINDUNGEN-XIII* 

POLAROGRAPHISCHES VERHALTEN DER KOMPLEXVERBINDUNGEN 

DES MANGANS MIT MANNlT 
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OSWALD G~TLER 
Instltut fur Anorganische Chemie, Karl-Marx-Uniwrsitat Lelpzrg, DDR 

(Einge,oang am 20. M&z 1967. Anprcsmmen am 25 Oktober 1967) 

~~~-~ wurde das ~iaro~aphi~~ Verhalten der 
Komplexbrldung von Mangan mit Mannrt m alkahscher Losun 
studlert, und festgestek. daB das Mangan(II)-hydroxld mlt Sauersto I! 
oder Wasserstoffperoxld zum braungefarbten Mangan(III)-Mannit 
Komplex und miter zum rotgefarbten Man~n(IV~Mannlt KompIex 
oxidtert wtrd. Das System Man~n(III~Mannlt I+ Man~n(iV~ 
Mannrt verhalt sich an der D.M.E. wie em reversibles Redoxsystem 
mit E,t, = -0,375 V. Das wahrscheinbche Reaktionschema wlrd 
dtskutiert. Mangan, bis fOe4 Mel/I., in Gtgenwart eines 20-fachen 
Uberschusses von Kupfer m emer Lbsung dre 3 Molt1 Kahum- 
hydroxid und 0,5 Mel/l Manmtol enthnilt pokuographisch bestlmmt 
werden. Ba Anwesenheit von Ethylendlamm (0,5 MoI/l.) stbren 
wedcr Kobalt noch Eisen(II1). Dre E,/,-werte von 2f Katlonen m 
dresem Efectrolyten werden angegeben. Die Methode wurde fur die 
Bestimmung von Mangan m Dolomrten und Schtefergestem verwendet. 

Iti Rahmen der systema~chen polarographischen GrundIagenfor~hung wurden 
chelatbildcndc Eigenschaftcn von Verbindungen mit den Atomen N,N (Athylen- 
diamin und dcssen Salzc), N,O (Glycin, Glutamins%urc, Aminopolyalkohole) und 
0,O (Be~~t~hindisulfons~ure) unte~ucht. 

In dcr Litcratur wurdc bisher das polarographische Verhalten der Komplex- 
verbmdungcn dcs zwei- und dreiwertigen Eisens mit Mannitl und Saccharose? 
besohriebcn. Eine alkalis& Maonit-Liisung wurde von Perkins und Rcynoldss fiir 
die polarographische Bcstimmung von Chromat(VI) und Eisen(II1) verwendet. Mit 
der polarographischen Bcstimmung van Mangan, Kupfcr, Chrom und Eiscn in 
unl~slichcn R~c~t~dcn, die beim L&m von metallischcm Calcium in Saizs%ure 
erhalten werden, beschirftigtcn sich Reynolds und Shalgosky in eincr wciteren 
Mitteilung.P Rabci versuchten die Autoren den wahr~hcinlichen RcaktionsprozcB 
der Manganrcduktion an der Quecksilbcrtropfekktrode zu deuten und fiihrten 
folgende Gleichung an : 

Mnrrx-Komplcx -+ Mn”-Komplcx 
. 

Mit dem gleichen Problem bcschiiftigtc sich Skokan.” 
In der vorliegenden Arbeit werden die Ergebnissc der polarographischen, 

volumetris~hen und ~ktrophotome~schcn Studien der Komple~erbindungcn dcs 
Mangans mit Mannit in alkalischem Medium mitgeteilt. Gleichzeitig wird versucht 
die an der Quecksilbcr-Tropfelektrode im gcnannten Medium ablaufendcn Redox- 
Vorgzinge dcs Mangans mit Hilfe eincs Reaktionschemas zu deuten. 

* Mitteilung XSI: J. Doi@&& V. Petrus and Y. Z$ka, J. Efectwanai. Chem., 1962,3,274. 
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EXPERIMENTELLER TEIL 

Der Titer der fur die Versuche verwendeten 0,l m Mangan(II) sulfatldsung (Praparat der Firma 
Merck, P.u.) wurde kompkxometrisch und gravimetrisch ermittelt. 

Die fur die Versuche verwendete Mannitl&ung wurde durch Aufldsen von 18,22g Manmt 
(Praparat rein, der Firma VEB Berlin-Chemie) in 100 ml redestilhertem Wasser hergestellt. 

Weiter wurde eine 6 m Kahumhydroxididsung (PrQarat p.u. der Fiima Lachema) verwendet. 
Alle tibrigen Reagenxien waren durchwegs vom Reinheitsgrad p.u. Ftlr die jodometrische 

Manganbestimmung wurde eine genau eingestellte 0,Ol n Natriumthiosulfatlosung verwendet. Zur 
potentiometrischen Manganbestimmung dtente eine genau eingestellte 0,l n Kaliumhexacyano- 
ferrat(III)-losung. 

Appaatur 

Fur die polarographtschen Messungen wurde durchwegs ein Polarograph PO 4 (Fuma Radto- 
meter Koucnhapen) verwendet. Als ReaeenzeefHD diente ein GefiiD nach Kaiousek mit Drerweehahn 
und ges&igter %aiomel-Elektrode. &Dt&hmesser des Quccksilb&odens betrug ca. 4 cm’: Die 
Kapillar-Tropfxeit bei einer Reservoirhohe von 49 cm betrug t = 3 sec. 

Bei allen Versuchen wurde eine ~ollkommen inerte Atmosphilre durch Verwendung von reinst 
Stickstoff, hergestellt in einer Apparatur nach Meyer und Range,’ geschalfen. Mit diesem, stets 
durch die genannte Apparatur geleiteten Stickstoff wurde die Elektrolyt- und Reagenxlosung vor der 
Reaktionsmessung 10 mm durchblasen. W&end der polarographischen Messung wurde der 
Stickstoff mittels eines Zweiweghahns tiber die Reaktionsldsung hmweggefnhrt. Alle Messungen 
wurden bei 20’ durchgcfiihrt (das KalousekGef88 kormte mit ebrem Thermostat temperiert werden). 

Ftlr die potentiometrischen Messungcn wurde ein Autotitrator der Firma Radiometer Kopen- 
hagen verwendet. Die inerte Atmosphltre wurde wie bei den polarographischen Messungen geschat%n. 
Die volumetrischcn Messungen w&en mit Hilfe von 10-m] Btlretten durchgefuhrt. 

Alle Absorptionsspektren wurden mit dem Spektralphotometer U&am SP 800 aufgenommen. 

ERGEBNISSE 

Polarographisches Verhalten von Mangan in alkalischer Mannitliisung 
Bei der Verwendung alkalischer Mannitlasungen ftlr die polarographische 

Bestimmung von Schwermetallionen fanden wir beim Mangan, im Gegensatz zu den 
Ergebnissen von Reynolds und Shalgosky,’ in 3 m Kaliumhydroxid- und S%iger 
Mannitlasung in inerter Atmosphiire keine gut ausgeprlgte anodische Stufe, sondem 
eine Doppelstufe, die fiir analytische Zwecke nicht ausreichend reproduzierbar ist 
(Abb. 1). 

Zur Kllrung des Auftretens dieser Mangan-Doppelstufe wurde ein grUerer 
alkalischer Mannit-Bereich in Gegenwart von Mangan(II) polarographisch abgetastet. 
Dazu wurden jeweils 0,05; 0,l; 0,25 und 0,5 m Mannitliisungen mit den Kalium- 
hydroxidkonzentrationen 0; 0,05; 0,l; 0,5; l,O; 2,0 und 3,0 m variiert und als 
Leitelektrolyt verwendet. Die eingesetzte Mangankonzentration betrug $45 . lo-3 m. 
Hierzu mu8 betont werden, da8 in inerter AtmosphIre bei Zugabe der Mangan(II)- 
Lijsung zur alkalischen Mannitliisung stets ein flockiger Niederschlag von Mangan- 
hydroxid zu beobachten war. Die Ergebnisse der vier Versuchsserien sind in der 
Tabelle I ersichtlich. Die gemessenen Tabellenwerte sind mit einem relativen Fehler 
von f 5 % behaftet. 

Der Tabelle ist zu entnehmen, da8 mit abnehmender Hydroxid- bzw. Mannit- 
konzentration das Halbstufenpotential der positiver gelegenen Stufe zu positiveren 
Werten (von -0,375 bis -0,240V) verschoben wird, wiihrend das der negativer 
gelegenen Stufe sich nur unwesentlich veriindert (von -0,61 bis -0,58 V). Mit der 
Verschiebung der Halbstufenpotentiale bei abnehmenden Hydroxid- bzw. Mannit- 
konzentrationen verringert sich such die Stufenhiihe der Doppelwelle, deren positiver 
gelegene Stufe in einer Lbsung mit einem Mannit- bzw. Hydroxidgehalt von 0.05 bzw. 
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0,l m nur noch angedeutet erscheint. Die negativer gelegene Stufe der Doppelwelle 
verschwindet bereits bei einem Mannit- bzw. Hydroxidgehalt unterhalb 0,1 bzw. I,0 m. 

Die erzielten Ergebnisse sind nur in absolut inerter AtmosphYre mit dcm ange- 
fiihrten Fehler reproduzierbar, andernfalls lost sich der Manganhydroxid-Niederschlag 
auf und die Losung farbt sich infolge der Oxydation von Mangan(II)-Hydroxid 
durch Luftsauerstoff braun. Bei der polarographischen Aufzeichnung dieses 
Oxydationsvorganges tritt die negativer gelegene Stufe nicht mehr auf. Dagegen 
entsteht die positiver gelegene Stufe in gut ausgepr2gter und reproduzierbarer Form 

V 
ABE. 1 .-Polarographisches Verhalten von Mangan in alkalischer Mannitlbsung. 

Kurve 1: 3 m KOH, 0.5 m Mannit in inerte+r Atmosphilre; Kurke 2: wie I, mit 
5,45. 10J m Mn++; Kurve 3: wie 2, nach 20 Sck. Oxydation mit 0% (5 Mm N*); 
Kurven 1,2, 3 mit Empf. 15 ,uA. Kurve 4: wie 2, nach Oxydation mit 0, (90 Min.) 

und danach 10 Min. Stickstoff. Empiindlichkeit: 70 PA. 

beim gleichen Halbstufenpotential von -0,375 V. Wenn man die Oxydation der 
Li)sung, die 3,0 m Kaliumhydroxid, 0,5 m Mannit und 5,45 . 1O-a m Mangan(II)- 
Ionen enthiilt, mit Sauerstoff durchftihrt, so durchlluft die anodische Stufe (E,,, = 
-0,375 V) die Galvanometer-Nullinie und nach einem einsttindigen Einleiten von 
Sauerstoff erhiilt man nur noch eine kathodische Stufe mit dem Halbstufenpotential 

J&/z = -0,380 V. Die Liisung farbt sich dabei fiber dunkelbraun nach rubinrot. 
Aus der Tabelle ist weiterhin ersichtlich, daB bei Verminderung der Hydroxid- 

konzentration bei konstantem Mannitgehalt das Halbstufenpotential der Redox-Stufe 
zu positiveren Werten verschoben wird. Die StufenhBhe bleibt dabei konstant. 
Verringert man die Mannitkonzentration bei konstant bleibendem Hydroxidgehalt, 
so vertindert sich weder das Halbstufenpotential noch die StufenhiShe der Redox- 
Stufe. Sowohl die Redox- als such die kathodische Stufe ist am besten ausgepr?igt in 
einer Losung, die 0,5 m Mannit und 3,0 m Kaliumhydroxid enthllt. 

Nach der Oxydation mittels Sauerstoff ist die Hiihe der kathodischen Stufe gleich 
der anodischen Stufenhahe bei konstant bleibendem Halbstufenpotential. 
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TABELLE I.-POLAROGRAPHISCHE ERGEBNISSE 

1. &I, 11. 41s 
Manntt KOH (anod.) (anod.) I. Id 11. id I. El/, (kat.) = id, CbVOn id (NWd.) 

Molll Molll V V PA PA V PA idA 

0.5 

0.25 

0.1 

0,05 

0 
0,05 

2: 
110 

?8 
0’ 
0,05 

:: 
110 
2.0 
390 

805 
011 
0.5 
190 
2.0 
390 

0 
0,05 
0,l 
0.5 
190 
2.0 
3,O 

- 

-t&o 
-0,315 
-0,340 
-0,360 
-0.375 

- 

$40 
-0,310 
-0,330 
-0,350 
-0.375 

- 
- 

-0.26 
-0,32 
-0.34 
-0,355 
-0,370 

- 
- 

-0.26 
-0,32 
-0,34 
-0,35 
-0,36 

- - - 
- - - 

(-$50) z5 
115 

00s 
-060 0:u 
-0,61 2,2 0,5 
-0,61 3,2 0.7 

- - - 
- - - 
- 0,25 - 

-0,60 0,8 1,5 0,15 - 

-0.61 2,2 0,4 
-0,61 2.2 0,5 

- - - 

- - 0; q 
- 0,8 - 
- 1,l - 

-0.58 1.3 0,l 
-0,58 1,5 0,2 

- - - 
- - - 
- 0,2 - 
- 0,6 - 
- 1,l - 
- 1,2 - 
- 1.2 - 

- 
-0,145 
-0,235 
-0,315 
-0,345 
-0,375 
-0,380 

-G50 
-0,235 
-0,315 
-0,340 
-0,365 
-0,380 

-0,20 
-0.26 
-0,325 
-0,34 
-0,36 
-0,375 

- 
-0,25 
-0,26 
-0,32 
-0,34 
-0,35 
-0.37 

- 

1X 
1117 
11,6 
11.5 
11.5 

lo,1 
12.1 
12,0 
12,2 
11,6 
11.5 

- 
10,3 
12.0 
11,8 
11,9 
12,0 
11.4 

;I 
11,5 
11,7 
11,5 
11.4 
11.4 

697 
5.7 
4.4 
3;3 
2,7 
2.1 

6; 
499 
2.0 
191 
- 

2; 
1.9 
- 

- 
- 

ij 
096 
- 
- 
- 

Erliluterungen: I. El/, (anod.) = Halbstufenpotential der postttver gelegenen Stufe der 
Doppelwelle. 

II. El/, (anod.) = Halbstufenpotential der negativer gelegenen Stufe der 
Doppelwelle. 

I. El/, @at.) = Halbstufenpotential der Redox- bzw. der kathodischen Stufe. 
erhalten nach 15 Min Einleiten von Sauerstoff. 

id = gemessener Diffusionsstrom aus den erhaltenen polarographi- 
schen St&n. 

Temp. 20°C; Kapillartropfzett I = 3,5 set 

Die Oxydation der alkalischen Mangan(II)-Mannitliisuag IBt sich such mittels 
Wasserstoffperoxid durchfilhren. Die damit erzielten Ergebnisse entsprechen den 
mit Sauerstoff erhaltenen vollkommen. Die AbUngigkeit der kathodischen und 
Redox-Stufe von der Wasserstoffperoxidkonzentration ist der Tab. II zu entnehmen. 

Aus der Tabelle geht hervor, daB bei Zugabe von 0,015 ml 3 %iger Wasserstoff- 
peroxidlosung-das ist der nach der Gleichung (IV) berechnete theoretische Wert- 
die anodische Stufe fast quantitativ entsteht. Bei Zugabe von 0,06 ml tritt bereits 
ein kathodischer Anteil in Erscheinung, der anzeigt, da13 ein Teil des Mangans bereits 
in die vierwertige Stufe oxydiert wurde, die schlieBlich bei Zugabe von 0,6 ml 
quantitativ erreicht wird. 

Bei Verwendung von Sauerstoff als Oxydationsmittel werden die gleichen Effekte 
erzielt. So erhllt man die dreiwertige Oxydationsstufe durch Einleiten von Sauerstoff 
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nach cu. 3 Sekunden und die vierwertige Mangnnstufe nach cu. einer Stunde. Der 
iiberschussige Sauerstoff wird mlt Hilfe von eingeleitetem Stickstoff aus der Li%ung 
vertrieben. 

Die rubmrote Lbsung des vierwertigen Mangan-Mannit-Komplexes verfdrbt sich 
betm Stehen lm Tageshcht nach cu. 20 Stunden braun. Bei der polarographischen 
Untersuchung dieses Vorganges stellten wir fest, daB die kathodische Stufe die 
Galvanometer-Nullmie durchlluft (Redox-Stufe) und nach cu. 30 Stunden nur noch 
als anodische Welle auftntt. Diese Photoreahtlon la& sich durch intensivere 
Lichteinwirkung beschleunigen. Die Ergebnisse des Reduktionsvorganges im 
Dunkeln, an der Luft, beim standigen Durchblasen von Stickstoff und bei Verwendung 
einer Lichtquelle sind in der Abb. 2 veranschaulicht 

h 

ABB. 2.-Polarographlsche Untersuchung der Photoreduktlon 
[Mn(IV)-Manmt] + [Mn(lII)-Manmt]. 

In LBsung 3 m KOH, 0,5 m Manmt, 5,45. IO-’ m Mn++ wurde 90 Min O,, dann 
10 Min N, eingeleltet, dann kathodische Stufe gemesscn (a) in Dunkeln aufbewahrt, 
(6) rm Tageshcht an der Luft, Cc) be1 dauernden Emlelten von Nt, (u’) bei Verwendung 

einer 2SO-Watt-Lichtquelle. 

Die Abhlngigkeiten der anodischen, anodisch-kathodischen’ und kathodischen 
Stufenhbhe von der Quadratwurzel der Reservoirhiihe, sowie von der Mangan- 
konzentration im Bereich von 2 . 1O-3 bis 1 . lo-* m zeigen direkte Proportionalit&. 
Bei der Polarisation der Quecksilber-Tropfelektrode in einer LiSsung von 0,5 m 
Mannit, 3,0 m Kaliumhydroxid und 5,45 . 1O-3 m Mangan(I1) im erreichbaren 
Bereich vori -0,l bis -1,85 V erhllt man in inerter Atmosphiire die erwfhnte 
anodische Doppelwelle (E1 ,e = -0,375 und El,, = -0,61 V) und bei CLI. El,, = 
-1,73 V eine kathodische Stufe. Wird der gleiche Vorgang nach der Oxydation mit 
Sauerstoff wiederholt, so entsteht neben der beschriebenen kathodischen Stufe 
(&,s = -0,375 V) eine weitere kathodische Stufe bei cu. Ellz = -0,92 V, die nicht 
vollst;indig ausgebildet ist. Ihre Stufenhohe entspricht etwa der HIlfte der vorher 
aufgetretenen kathodischen Stufe. Eine weitere schlecht ausgebildete, langgezogene 
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Stufe entsteht dann im AnschluB daran und bei cu. El,* = -1,74 V erhalt man 
schlieDlich eine kathodische Stufe, deren Hiihe etwa doppelt so groB ist, wie die der 
ersten kathodischen Stufe (El,, = -0,375 V). Der gesamte Vorgang ist in der Abb. 1 
zu sehen. 

TABELLE II.-OXYDATION MKTELS WASSERSTOFFPEROXID 

3 % HA Stufe hnod 1 Stufelkd ) E 112 
ml PA itA V 

0,Ol 9.7 - -0,330 
0,015 11,l - -0,340 
0,02 11,3 - -0,345 
0,03 11,5 - -0,350 
E 11,3 091 -0,355 

0115 11,l 997 095 197 -0,360 -0,365 
0,20 895 :$ -0,370 
0,30 61 -0,375 
O&J 397 7:7 -0,380 
0,50 131 10,4 -0,375 
O&O - 11,5 -0,380 

Temp.: 20°C; Kaplllartropfzelt: t = 3,5 set; 
mn*+] = 5,45 . lo-; Mel/l. 

Volumetrisches Verhalten von Mangan in alkalrscher Mannitllisung 

Zur Ermitthmg des Oxydationsvorganges von zweiwertigen Mangan im gennanten 
Medium untersuchten wir zunachst die Oxydation mit Kaliumhexacyanoferrat(II1). 
Dabei wurde so verfahren, da13 sowohl aus der LBsung, bestehend aus 3 m Kalium- 
hydroxid und 0,5 m Mannit als such aus der Mangan(II)-Losung der Sauerstoff durch 
Einleiten von Stickstoff restlos entfernt wurde, was nach cu. 15 Minuten der Fall war. 
Danach wurden die beiden Losungen unter st;indigem Einleiten von Stickstoff vereint 
und das vorhandene Mangan (1 ,l . 1O-2 m) wurde mit einer 0,l n Kaliumhexacyano- 
ferrat(III)-Liisung potentiometrisch bestimmt. In der Abb. 3 ist der Vorgang 
veranschaulicht. 

Wie aus Abb. 3 ersichtlich, entsprechen die zugefilgten Mengen des Hexacyano- 
ferrat(II1) den theoretisch berechneten Werten. W%hrend der Titration verf2rbt sich 
die Liisung braun, dann dunkelbraun und schlieDlich rubinrot und die Potentialwerte 
stellen sich sofort ein. Der erste Potentialsprung, der der Oxydation von Mangan(I1) 
zu Mangan(III)-Mannit-Komplex entspricht, ist gut ausgeprggt. Der Aquivalenz- 
punkt liegt bei einem Potentialwert von cu. -560 mV, gelressen gegen eine gesgttigte 
Kalomelelektrode. Der zweite Potentialsprung, der der Oxydation vom Mangan(III)- 
Mannit-Komplex zum Mangan(IV)-Mannit-Komplex entspricht, ist sehr gut 
ausgebildet. Der Aquivalenzpunkt liegt bei cu. - 130 mV. Wenn die Losung vor der 
Titration mit Sauerstoff oxydiert wird, verschwindet der erste Potentialsprung 

(Es,,. = -560 mV) und der Verbrauch an Kaliumhexacyanoferrat(II1) entspricht 
der Oxydation von Mangan(II1) zu Mangan(IV). 

Auf iihnliche Weise wurde die jodometrische Reduktion der genannten Mangan- 
Mannit-Verbindungen durchgefiihrt. Dabei wurden 10 ml der alkalischen Mannit- 
lasung mit einem Mangangehalt von 1,l . lOwa m cu. eine Stunde mittels Sauerstoff 
oxydiert. AnschlieBend wurde die LBsung in eine halbkonzentrierte Salzs%ureliisung 



Die Anwendung von Konlplexblkincrn 305 

ge_eossen, in dzr uberschiissiges Kaliumjodid (ra. 1 g) kurz vorhcr aufgelost wurde 
Das ausgeschiedene Jod wurde sofort nnt 0,Ol n Natriumthiosulfatl6sung titriert. 
Der Natriumthiosulfat-Vcrbrauch war grab gesehen hquivalent dcm Verbrauch, 
dwelcher er Reduktion von Mangan(IV) zu Mangan(111) entspncht. Es wurdcn 
Blindversuche durchgefuhrt und die dabei erhaltenen Werte von den erzielten 

r 

ABB. 3.-Potentlornetrische Oxydation von Mangan(II)-Mannit ml: K,[Fe(CN),] In 
alkahscher Losung. 

Titrationswerten abgezogen. Die gefundenen Ergebnisse waren stets mrt einem 
negativen Fehler bis zu 10% relativ behaftet. 

Spektrophotometrisches Ver halten t~on Mangan in alkalischer Mannitliisung 

Zur weiteren AufklLung der Wertigkeitsstufen der Mangan-Mannit-Komplexe 
verwendeten wir die spektrophotometrische Methode. Dabei wurde die vorange- 
gangene Oxydation der Mangan(II)-Liisung polarographisch kontrolliert. 

Das Spektrum des braun gefirbten Mangan(III)-Mannit-Komplexes gibt ein gut 
mel3bares Maximum im sichtbaren Bereich bei der Wellenlange 480 nm und em 
kleineres Maximum bei 450 nm. Im UV-Bereich tritt ein kontinuierlicher Anstieg bis 
zu der Wellenllnge 250 nm auf (siehe Abb. 4 und 5). 

Das Spektrum des rubinrot gefirbten Mangan(IV)-Mannit-Komplexes gibt ein 
gut mel3bares Maximum im UV-Bereich bei 285 nm. Im sichtbaren Bereich tritt 
bereits bei 650 nm ein steiler Absorptionsanstieg in Erscheinung. Bei Anwesenheit 
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ABB. 4.-Absorptionsspektrum des Mangan(III)-Mannit-Komplexes. 
Im slchtbaren Eerelch: 3 m KOH; 0,s m Manmt; 5,45. lo-* m Mn++. 

ie 
XI o- 
4 ’ n- 

0. 225 

ABB. 5.-Absorptionsspektrum des Mangan(IV)-Mannit-Komplexes. 
Im UV-Bereich: 3 m KOH; 0,s m Manmt; 1.W’ m Mn++. 

des drei- und vierwertigen Mangan-Mannit-Komplexes iiberdeckt das Absorptions- 
spektrum des rubinroten vierwertigen Mangan-Mannit-Komplexes das des drei- 
wertigen Komplexes. 

DISKUSSION 

Aus den bisher erzielten Ergebnissen kann die SchluBfolgerung gezogen werden, 
daB das Auftreten der anodischen Mangandoppelstufe bei El,, = -0,375 und 
El,, = -0,61 V) auf eine in stark alkalischen Mannit-Lijsungen “gehemmte 
Oxydation” von Mangan(I1) am Quecksilbertropfen zurtickzufiihren ist, die durch 
das als Niederschlag vorliegende, polarographisch inaktive Mangan(II)-Hydroxid 
und dessen im Gleichgewicht vorhandenen dissoziierten Mangan(II)-Ionen ausgeliist 
wird, die mit dem im OberschuB vorhandenen Mannit einen schwachen, polaro- 
graphisch aktiven Komplex bilden. Die Oxydation dieses Mangan(II)-Mannit- 
Komplexes erfolgt bei -0,61 V. Aus den Abhlngigkeiten der Stufenhijhe von der 
Wurzel der Reservoirhiihe und Konzentration des Mangans wird ersichtlich, daB der 
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Elektrodenvorgang nicht durch reine Diffusion ausgeliist wird. Von der Uberlegung 
ausgehend, da13 in stark alkalischer Losung die alkoholischen Hydroxyl-Gruppen 
griihtenteils dissoxiiert vorliegen, stellen wir uns folgenden Reaktionsmechanismus 
vor* 

Mn(OH),?i: Mns+ + 20H- (1) 

xMn”+ + y(Mannit - nH)“- + zOH- z? [MndMannit - nH)y(OH),](2X-n~-z) 

(11) 

[MnJMannit - nH),(OH),](e”“*‘) e [Mn(Mannit - nH)J*-“*) 

+ [Mn,,(OH),]~~-z-z) (111) 

Daxu ist zu bemerken, daB die Gleichgewichte der Gleichungen(1) und (II) vom 
Loslichkeitsprodukt des Mangan(II)-Hydroxids abhlngig sind, wlhrend die Reak- 
tionsgleichung (III) kinetischen Charakter be&t. Das bedeutet, dal3 die Hohe der 
anodischen Stufe bei Ellz = -0,61 V durch das Lbslichkeitsprodukt des Mangan(II> 
Hydroxids gegeben ist. Experimentell konnte nachgewiesen werden, daB diese Stufe 
kinetischen Charakter be&t. 

Zusammenfassend erhllt man die Bexiehung (bei x = 1 und z = 2): 

Mn(OH), + y(Mannit - nH)“-7?r [Mn(Mannit - nH),](*-“Y) + 20H- (IV) 

Demnach wird in stark alkalischer Lbsung die Gleichgewichtsverschiebung zum 
Mangan(tI)-Hydroxid begfinstigt, wodurch die genannte Oxydationshemmung 
auftritt und es kann nur der Teil des Mangans oxydiert werden, der als dissoziiertes 
Ion bxw. als Mangan(II)-Mannit-Komplex in der Ltisung vorliegt. 

Diese Annahme wird bis zu einem bestimmten Grad durch das Experiment 
best&#, wo wir nachweisen konnten, daB die Hohe der anodischen Stufe bei 
-0,375 V, die der Oxydation von Mangan(II1) zu Mangan(IV) in inerter 
Atmosphzire entspricht, nur cu. 20 % der nach der Oxydation mit Sauerstoff erhaltenen 
anodischen Stufe ausmacht (Tab. I). Wir nehmen weiter an, dal3 durch die Oxydation 
das Gleichgewicht der Gleichungen (IV) und (V) zum stabilen braun gef&bttn 
Mangan(III)-Mannit-Komplex verschoben wird : 

2~n(Mannit - ~zH),,]@-~“) + H,O,z 

2[Mn(Mannit - nH)y](s-)--r~) + 2OH- (V) 

lhesex Oxydationsvorgang verliiuft quantitativ nach der theoretisch berechneten 
Menge, wie bereits beschrieben wurde (Tab. II). Die weitere Oxydation xum 
Mangan(I~Mannit-Komplex erfolgt dann nicht mehr stochiometrisch nach der 
Gleichung(VI) , 

2 ~n(Mannit - &I),,](b-n~) + H20s Z 2 [Mn(Mannit - nH),,](C~~) + 2OH- 

braun fUbi?U0t 

(VU 

sondern nur durch einen cu. 15-fachen UberschuB an Wasserstoffperoxid. 
Das Gleichgewicht der Gleichung(VI) wird durch Lichteinwirkung xum drei- 

wertigen Mangan(III)-Mannit-Komplex verschoben. Diese Photoreduktion ist in 

l x,y,r=1,2 ,... x,y,r; n-lbis6. 
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der Abb. 2 veranschaulicht. Wie mit Wasserstoffperoxid werden die gleichen 
Oxydationseffekte mittels Sauerstoff erzielt. 

Unsere ursprtingliche Annahme, daB es sich bei den durch Oxydation erhaltenen 
drei- und vierwertigen Mangan-Mannit-Komplexen urn Peroxo-Verbindungen 
handelt, konnten wir in keinem Fall bestgtigen. Sowohl die jodometrische, als such 
die potentiometrische Bestimmung sagt eindeutig aus, dal3 es sich bei beiden 
Komplexverbindungen urn die genannten Mangan(III)-bzw. Mnngan(IV)-Mannit- 
Komplexe handelt. Bei durchgefiihrten Blindversuchen, bei denen wir den Proben 
Wasserstoffperoxid zusetzen, wurden stets vie1 hiihere Manganwerte gefunden, als 
nach der Theorie berechnet wurde. 

Die anodische Stufe bei E,,, = -0,375 V entspricht demnach der Oxydation vom 
Mangan(III)- zum Mangan(IV)-Matit-Komplex. Die kathodische Stufe bei 

&I, = -0,375 V entspricht der Red&ion von Mangan(IV)- zum Mangan(III)- 
Matit-Komplex. 

Die Ergebnisse der logarithmischen Analyse der beiden polarographischen Stufen 
zeigen, da8 es sich urn ein einelektronisches Redox-System handelt, das sich voll- 
shindig reversibel verhllt. DaB es sich bei beiden Stufen urn einen reinen Diffusions- 
Strom handelt, beweisen die direkt proportionalen Abhingigkeiten der Stufenhohen 
von der Wurzel der Reservoirhohe und der Mangankonzentration. Der bereits 
diskutierte irreversible Vorgang Mangan(III)-Mannit-Komplex a Mangan(II)- 
Mannit-Komplex bzw. Mangan(II)-Hydroxid konnte such im kathodischen Bereich 
bestitigt werden. So tritt bei El,, = -0,92 V eine Stufe auf, die der Gleichung (V) 
in riickwlrtiger Reaktion entspricht. Die im AnschluB an diese Stufe nach negativen 
Potentialen zu erhaltene irreversible Stufe kann der Cleichung (IV) bzw. (III + I) 
zugeschrieben werden. Dabei bremst das an der Q*lecksilberelektrode gebildete 
Mangan(II)-Hydroxid die weitere Reduktion, wodurf:h die zv cite, langgezogene 
Stufe entsteht (ca. Ells = -1,47 V). Die bei Ells = -1,74 V Lllftretende Stufe 
entspricht wahrscheinlich der Reduktion Mangan(I1) + Mangan(0). 

ANALYTISCHE ANWENDUNGEN 

Untersuchungen beziiglich des Einflusses der Anionen, Fluorid, Chlorid, Nitrat, 
Sulfat, Phosphat und Oxalat in einer jeweiligen Konzentrntion von 0,5 m auf die 
polarographische Manganbestimmung zeigten, dal3 diese in mineralischen Rohstoffen 
sehr hiiufig anzutreffenden Anionen keine stiirende Wirkung auf die Manganbes- 
timmung ausilben. Auch die Anwesenheit von 0,5 m ADTA und Athylendiamin 
in der Probel6sung iibt auf die Redox-Stufe keinen wesentlichen EinfluB aus. Dieser 
Effekt ist deshalb von Bedeutung, weil die Halbstufenpotentiale aller Kationen, die 
mit den genannten Komplexbildnern eine Komplexbildung eingehen nach negativeren 
Potentialen verschoben werden und dadurch auf die Manganbestimmung keinen 
storenden EinfluS ausiiben. Im praktischen Teil wird dieser Effekt bei der Mangan- 
bestimmung eingehend beschrieben. Im angefiihrten Medium konnen noch 1 . lo4 m 
Mangan mit ausreichender Genauigkeit bestimmt werden. 

Neben den genannten Anionen wurde such der EinfluD verschiedener Kationen 
auf die Manganbestimmung in alkalischer Mannitliisung untersucht. Die erzielten 
Ergebnisse sind in der Tab. III zu sehen. 

Die zweiwertigen Metalle Kupfer, Blei, Zink, Kadmium, die dreiwertigen Antimon, 
Eisen, Wismut sowie sechswertiges Chrom geben in 3 m Kaliumhydroxid- und 0,5 m 
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Mannitlosung gut ausgepragte Reduktionsstufcn, die fur polarographische 
Bestlmmungen verw endet w erden konnen. 

Weiters wurden Mangnnbestimmungen neben grosseren Konzentrationen an 
Begleitstoffen durclrgefuhrt. Dabei wurde festgestellt, da13 Mangan in Anwesenheit 
des cu. lOO-fachen Uberschusses an Zmk, des cn. 80-fachen Uberschusses an Chrom, 
des ca. 50-fachen Uberschusses an Eisen und Aluminium, sowie des cn. 20-fachen 
uberschusses an Kupfer und Nickel noch gut reproduzierbate polarographische 

TABELLE III.-DER EINFLUJ~ VERSCHIEDENER KATIONEN 

Katton V 
GIZ gcgen SCE, 

Bemerkung 

Co’+ 

As’+ 
Mn”+lr+ 

TI+ -0,48 

cu++ -0,57 

Bt’+ -0,76 

GO,*- -0,82 

Pb*+ -0,84 

Cd’+ -0,85 

Sb5+ (1) -0,43 (2) -1,22 

Fe”+ (1) -1,15 (2) -1,65 

Fez+ 
St?, NI*+, CraC, 
Mg*+, Cap+, Sr*+, 
Baa+, Al*+ 

(1) -0,30 (2) --1,51 

-0,30 

-0,37 

t--124 

keine Stufen 

(1) anodrsche Stufe 
(2) kath Stufe 
anodtsche Stufe 
revers anodrsche-kathodische 
Stufe 

rev. kath. Stufe 
rev. kath. Stufe 
rev. kath. Stufe 
rev. kath. Stufe 
rev. kath. Stufe 
rev. kath. Stufe 
(1) anodische Stufe. 
(2) kathodische Stufe 
(1) kath. Stufe 
(2) kath. Stufe 
irreversible Stufe 

T = 20°C; Kapdlartropfzert t = 3 sek; Eingesetzte Kattonenkonz.: 5. lO-* Mel/l. 
Elektrolytlosung: 3 m KOH und 0,5 m Manmt. 

Stufen liefert. Bei noch groheren Beimengungen des Mangans muB die Methode der 
Standardzugabe angewendet werden. 

Die Manganbestimmung wird in Gegenwarr von zweiwertigem Kobalt gestiirt, 
das im genannten Medium an der Quecksilbertropfelektrode eine schlecht ausge- 
pragte anodische Stufe mit dem Halbstufenpotential von ca. -0,30 V bildet. Nach 
Oxydation des vermutlich zweiwertigen Kobalt-Mannit-Komplexes mit Sauerstoff, 
entsteht eine langgezogene anodisch-kathodische Stufe bei cu. -0,30 V. Die 
Reduktion des zwerwertigen Kobalts erfolgt bei El12 = -1,51 V. Den stiirenden 
EinfluB von Kobalt auf die Manganbestimmung konnten wir durch Zugabe von 
Athylendiamin zur Probelbsung eliminieren. Wie aus der Arbeit von DoleZal und 
Nowak’ hervorgeht, bildet Kobalt in einer Losung von 1 m Kaliumhydroxid 
und 1 m Athylendiamin einen sehr stabilen Komplex, dessen Reduktion an der 
Quecksilbertropfelektrode bei Elj2 = -0,71 V (SCE) erfolgt. 

In einer Lbsung von 3 m Kaliumhydroxid, 0,5 m Mannit und 0,5 m Athylendiamin 

3 
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wird zweiwertiges Kobalt durch Einteiten von Sauerstoff nach CCI. 20 see (die Oxydation 
erfolgt such leicht mit Luft) quantitativ zum dreiwertigen Kobalt-Kompiex oxydiert. 
Der Komplex bildet eine ka~odische Stufe bei -0,84V und iibt damit auf die 
Manganbestimmung keinen stijrenden EinfluB mehr aus. Die Oxydation des 
zweiwertigen Kobalts ist notwendig, da sich sonst trotz des anwesenden Athylen- 
diamins eine starende anodische Stufe bei -0,45 V bildet. Im genannten Medium 
wird weder die Stufenhiihe noch das Halbstufenpotential der Mangan-Redox-Welle 
ver%ndert, daher k&men noch 1 . lOA m Mangan bestimmt werden. AuBerdem 
kann Mangan in Gegenwart von Kobalt noch in einem Konzentrationsverhaltnis von 
1:20 mit guter Genauigkeit bestimmt werden. Einen uberblick i.iber weitere 
Miiglichkeiten der polarographi~hen Manganbestimmung zeigt die Tabelle IV, in 
der die von uns gefundenen Werte im genannten Medium wiedergegeben sind. 

TABELLE Iv.--I&R EINFLUJ~ ~~~~~~~~o~N IN GEGENWART VON 

-~ ~~~ 
Gef. E,t, gegen SCE, 

Kation v Bemerkung 

Sba+ --t&23 irrev. anod. Stufe 
As* -0,31 irrev. anod. Stufe 
Mn’+le+ -0,38 rev. anodisch-kathodische 

Stufe 
co=+ -O,45 (m inerter Atmosphare) 

anod. Stufe 
TIf -0,Q rev. kath. Stufe 
CU= -0.66 rev. kath. Stufe 
co=+ -084 rev. kath. Stufe 
Cd*+ -1,Ol rev. kath. Stufe 
Pb”+ -1,03 rev. kath. Stufe 
Bi’+ --LO5 rev. kath. Stufe 
CrO,*- -1,ll rev kath. Stufe 
Pe’+l*+ -1,23 kath. Stufe (langgezogen) 
Sbs+ -1,38 kath. Stufe (lan~o~) 
Ni” -1,39 kath. Stufe (langgezogen) 
i?n”+ -I,62 rev. kath. Stufe 

Cr”+, Al’+, 
Mg*+, Ca*+, keine Stufen - 

Srz+, Baa+ 

T = 20°C; Kapiilartropfzeit t = 3 sek: Eingesetzte Kattonenkonz.: 5. 10-aM~Ifl. 
EIektrolytIbsung: 3 m KOH + 0,5 m Mmnit + 0,s m ~thyiendiamin. 

PRAKTISCHE METHODEN 

Es wurden co. 2 g der feia verriebenen Probe mit 20 ml Sal&iure (1:4) im Becherglas aufgelost, 
die L6stmg eingedampft, emeut mit etwas Safzsaure versetzt und rnn 50 ml bidest. Wasser verdtmnt. 
(Da nur we&g Kieselsiture vorhanden war, wurde dtese mn in ein 100-ml MaClkoIbchen iiberfUhrt.) 
Zur sauren Ldsung wurde tropfenweise 12 m Katiumhydroxtdldsung bts zur schwach alkalischen 
Reaktion zugegeben und mit bidest. Wasser auf 100 ml aufgefulit. Von dieser Ldsung warden je 
1 ml in zwei 10-ml Mtikolbchen abptpettiert, dazu je 2.5 ml 12 m ~liumhydro~d-, 25 ml ZO%rge 
Mannit- tmd 2,s ml 2 m Athyl~~amin-Lds~g und m eines der beiden noch 0,5 ml Standardlosung 
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((1 ml = 2,75 mg Mn) gcgeben und mit bidest. Wasser aufgcfullt. Von betden Losunpn wurden 
je 5 ml m em Kalousek-GefalJ abptpetttcrt, 1 Minute Sauerstoff. 5 Mmuten SttckstotT durchgeleitet 
und die polarographrsche Bestrmmung gegen eine gesatttgte Kalomelclektrode durchgefuhrt. Es 
wurde mtt emer Empfindhchkett von I :20 gemessen. Dte Ergebtusse smd gut reproduzierbar und 
mtt einem relattven Fehler von *2% behaftet. 

TALXLLE v. 

Probe 
Mangan, % 

Polarog. Gravim. 

Dolomit 1 2,29 2,34 

Dolomtt 2 2,31 2,32 

Schaefer 1 1,32 1,35 

Schaefer 2 1,28 1.32 

-012 
I , I 

-0.5 -0.8 -!,I -1.4 -I ‘: 

V 

ABB. C.-Polarographische Manganbestimmung neben Kupfer Blei und Etsen. 
Konz. der Elektrolytlsg.: 3 m KOH; 0,5 m Mannit. Konz. der eingesetzten Kationen: 
(1) 1 . lo-‘m Mn’+ (2) 1 . 1O-s m Cu*+; (3) 1 . lo-* m Pb*+, (4) 2. lo-’ m Fes+. 

Emptindlichkett : 15 PA. 

Polarographisehe Bestrmmung van Malall,nan im Schtefer 

Es wurde I g der fern verrtcbenen Probe im Platinttegel mit der ea. sechsfachen Menge emes 
Natriumcarbonat/Kaliumcarbonat-Gemisches aufgeschlossen. Nach dem Abkuhlcn wurde der 
Ttcgel im Becherglas mit dest. Wasser ausgelaugt, zur Lbsung 5 ml konz. Salrsiiure zugefttgt und 
zur Trockne eingedampft. Nach dem Abkuhlen wurde der Ruckstand mit halbkonz. SalzsPure 
aufgeldst und emeut zur Trockne eingedampft (Wasserbad). Der Rtickstand wurde mit 10 ml konz. 
Salzsiiure aufgenommen und mtt 50 ml Wasser verdunnt. Dte ausgeschiedene Kieseldure wurde 
abfiltrtert und 2 mal mtt 10 ml hetssen Wasser gewaschen. Das Ftltrat tm lOO-ml Kolben wurde mit 
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12 m Kaliumhydroxid neutralisiert und mit bidest. Wasser aufgefullt. Von dieser Ldsung wurden 
je 2ml in zwei 10-ml Makkolbchen abptpettiert, je 25 ml 12m Kaliumhydroxid, 2.5 ml 0,2m 
ADTA-und 2,5 ml 2O%ige Manmtlosung zugefugt. Zu der einen Losung wurden ausserdem noch 
0,25 ml Standardlosung (1 ml = 2,75 mg Mn) zugegeben. 

Die betden MaDkolbchen wurden zur Marke aufgefullt, davon je 5 ml in ein Kalousek-Gef%ss 
uberfuhrt und die polarographische Bestimmung m beschriebener Wetse durchgefuhrt. Die 
Ergebnisse smd gut reproduzierbar, der relatrve Fehler betrug f2%. Siehe Tab. V. 

Polarographischc Bestimmung van Mangan neben Kupfer, Blew und Eisen 

Eine Lbsung von 5 bis 10 ml mn den genannten Kattonen muB auf einen Mannitgehalt von 0,5 m 
und auf emen Kaliumhydroxtd-Gehalt vcn ca 3 m gebracht werden. AnschheBend wrrd in dte 

ABB. ‘I.-Polarographtsche Manganbestimmung neben Kupfer, Kobalt und Eisen. 
Konz. d. Elektrolytlsg.. 3 m KOH; 0,5 m Manmt und 0,5 m Athylendiamin. Konz. 
der eingesetztm Katronen. (1) 1 . 1O-8 m MnP+, (2) 1 . lo-‘rn Cu*+, (3) 2. lOTa m 

Co*+, (4) 2. lO-* m F9+. Empfindhchkett: 15 ,uA. 

Ldsung Sauerstoff (ca. 1 min) und Stickstoff (ea. 5 mm) eingeleitet und 3 Tropfen O,S”/gge Gelatme 
zugefdgt. Die Mangankonzentratton sol1 mmdestens 1 . lO_’ m betragen. Der Gehalt der Losung an 
Kupfer, Bier und E~sen darf dre bererts angefuhrten KonzentrationsverhPltmsse zum Mangan mcht 
tiberschreiten. Zur Veranschauhchung der im angegebenen &fedium gut reproduzierbaren 
polarographischen Stufen dient das in der Abb. 6 wiedergegebene Polarogramm. 

Polarographische Bestimmung van Mangan neben Kobait, Kupfer und Eken 

Die zur polarographischen Manganbestimmung vorliegende Losung muO einen Gehalt von 3 m 
Kaliumhydroxrd, 0,5 m Mannit und 0,5 m Athylendiamm aufweisen. Dre Mangankonzentration 
soll mindestens 1 . lO-* m betragen, Kobalt und Kupfer konnen ea. das 20-fache der Mangan- 
lconzentration in der Msung ausmachen, wenn keine weiteren Stoffe vorhegen. Andemfalls kann 
die Anwesenheit weiterer StoKe einen Konzentrationsniederschlag in der Lbsung herbeifrihrcn. der 
die Manganbestimmung stbrt. Die Bestimmung (wie such die vorher genannten) muD den jeweilrgen 
Versuchsbedingungen angepaBt werden. Eventuell muO das rm groflen UberschuB vorhegende 
Kation abgetrennt werden. Zur Veranschaulichung der gut reproduverbaren Stufen ist das 
Polarogramm in der Abb. 7 wiedergegeben. 
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Summary-The formatton of manganese-manmtol complexes in 
alkahne solutton has been studted polarogr~phtcally. and it has been 
shown that manganese(R) hydroxtde IS oxtdtzed by oxygen or hydro- 
gen peroxtde to the brown manganese(llI)-manmtol complex and 
then to the red manganese(IV)-mannrtol complex. At the droppmg 
mercury electrode, the mangancse(III)-manmtol - manganese(lV)- 
manmtol system IS reversible, wtth E,lr = -0.375 V. The probable 
reactton mechanism IS dtscussed. Manganese may be dctermmed 
polarographtcally m the presence of a 20-fold excess of copper m a 
solutton 3M m potasstum hydroxtde and 0 5M m manmtol, at concen- 
trattons down to lo-‘M. When the solutton also contams ethylene- 
dtamine (0 5M), interferences from cobalt and tron(lll) arc removed. 
The E1jI values for 21 cattons m thts electrolyte are reported. The 
method has been apphed to the determmatton of manganese m dolomnes 
and slates. 

R&urn&On a etudtt polarographtquemcnt la formatron des complexes 
de manganese avec manmtol dans un mtheu alcahn, et on a etabh que 
l’hydroxtde de manganese(I1) est oxydtd par oxygene ou peroxydc 
d’hydrogene au complexe brun manganese(III)-manmtol, done au 
complexe rouge mangantse(IV)-manmtol Le systbme mangantse(III)- 
mannrtol -, manganbse(IV)-manmtol est polarographtquement revers- 
ible; EllZ = -0,375 V. On dtscute la course probable de reactton 
On peut doser polarographiquement le manganese en pr&e.nce dune 
quanttte 20 fats sup&ieure de cuivre dans une solutron 3M en 
potasse et 0,5M en mannitol, ii des concentratrons pouvant descendre 
jusqu’a IO-‘M. Lorsque la solution contient ausst dd l’ethylenedtamme 
(0.5M). les Interferences dues au cobalt et au fer(II1) sont tlimi&s. 
&I donne les valeurs de Ells pour 21 cattons dans cet electrolyte. On a 
applique la mdthode au dosage du manganese dans les dolomttes et 
ardotses. 
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EXTRACTION OF TITANIUM(W) GALLATE INTO 
TRI-ISO-OCTYLAMINE AND ITS 

SF’ECTROPHOTOMETRIC DETERMINATION 

V. T. ATHAVALE, KULUMANI R. KRISHNAMURTHY and CH. VENKATESWARLU 
Analytical Dlvislon, Bhabha Atomic Research Centre, Trombay, Bombay-74, India 

(Recewed 5 July 1967. Accepted 20 September 1967) 

Summary-Extractlon of tltamum(IV) gallate species into t&so- 
octylamme (TIOA) has been studred to develop a spectrophotometrlc 
method for the determination of tltamum. The behaviour of common 
ions, under the condmons for quantltatlve extraction of titanium, is 
reported. Examples are given of apphcatlon of the method to analysis 
of steels, reactor-grade thorla, and slhcate rocks. 

IN THE spectrophotometric determination of titanium with gallic acid,’ interference 
due to a few other ions is reported. 2 It has been observed in this laboratory that tri- 
iso-octylamine (TIOA) extracts a coloured species from the titanium(N)-gallic acid 
system.3 With a view to developing a sensitive and selective method, the extraction 
of the titanium gallate species into TIOA has been investigated. 

EXPERIMENTAL 
Reagents 

TIOA solution. Colourless “practical grade” reagent was dissolved in toluene to give an approx. 
O*lM solution, which was standardized with standard perchloric acid in glacud acetic acid.‘ The 
standardized amine solution was equilibrated wtth -2N sulphuric acid, washed with distilled water 
till free from acid, filtered through a dry filter paper and stored in an amber bottle. 

fit&urn solution. A known weight of igmted Merck “Extra Pure” grade titanium dioxide was 
dissolved in hydrofluoric acid, and 25 ml of sulphuric acid (I + I) were added. The solution was 
evaporated and fumed to remove the fluoride, cooled, and dduted to 250 ml with cold water. 

Galfic acid. Merck “Extra Pure” grade reagent was crystallized twice from hot water and carefully 
dried at 120”. Fresh solutions were prepared as and when required. 

All other reagents were of analytical grade. 

Development of method 

The effect of pH and the concentration of gallic acid and TIOA on the absorbance (A) of the 
extracted titanium was studied ivy equilibrating the amine solution with an equal volume of aqueous 
medium under different conditions and measuring the absorbance of the organic phase at 390 mp 
against a corresponding blank (amme solution) equihbrated with aqueous medium containing all 
reagents except tdamum. The results are recorded in Table I. After equilibration the aqueous phase 
was always tested for its titanium content. When the pH of the aqueous phase was raised above 2.5, 
some yellow solid appeared at the interface. 

In all these experiments, no titanium was detected in the aqueous phase after equilibration with 
amine, indicating practically quant&&ve extraction of titanium in a smgle equilibration. However, 
the absorbance of the extracted titannnn species was greatest when the pH was between 1-S and 2-S 
and the concentrations of galhc acid and TIOA were 0 04M and 0 020-0.026M respectively. The 
variation of absorbanee of the organic phase for the same quantity of titanium shows the existence 
of more than one coloured species in the organic phase. Since an increase or decrease of TIOA from 
tbe range 0*020-0~026M causes a decrease in the absorbance, the effect of gallic acid on the degree 
of extraction of titanium and on the absorbance was studied at two more concentrations of TIOA 
and the results are given in Table II. The titanium remaining in the aqueous phase after equilibration 
with the amine was determined spectrophotometrically.’ 

315 



316 V. T. ATHAVALE, K. R. KRI~HNAMUR~~~Y and CH. VENKATESWARLU 

TABLEI.-ABSORBANCE OF EXTRACTED TITANIUM 

No. PH Galhc acid, M TIOA, M TIO, taken, ycg A 3DO 

Vuriation ofpH 
1 06 
2 0.7 

: 0.9 1.3 
: 1.5 

: ;:; 2.2 
9 25 

004 0 105 23.0 O-380 
0.430 
0.445 

x’zz 
0.470 
0465 
0.470 
0.470 

Variation ofgallic acid concentration 
10 1.8 0.01 
11 0.02 
12 0.03 
13 004 
14 005 

Vuriatron of TIOA concentration 
15 1.8 0.04 
16 
17 
18 

; 
21 
22 

0.105 23.0 0.365 
0.420 
0.450 
0.470 
0465 

0.15 16.0 0.315 
o-105 0.325 
0.053 0.330 
0.042 0.335 

0 0.021 026 0.348 0.345 
0 015 0.300 
0 0105 0.265 

- 

TALWZIL-EFFECTOPGALL~C ACIDONTHEFXRACTIONOPTITANIUM 

TIOA, M Galllc acid, M 

0~0105 0.005 
0 01 
002 
003 
004 
0 05 

0021 0 02 
003 
004 
0045 
0.05 

TIO, 32 rg; pH 1 7. 

A 800 

0080 
0290 
0.410 
0460 
0465 
0.508 
0590 
0 665 
O-690 
0.700 
0690 

Extraction, % 

25 
62 5 
81 

100 
100 
100 
100 
100 
100 

The results in Table II show that the extraction of titanium with 0 0105M TIOA is quantitative 
only when the gallic acrd concentration IS 0 04M or above, while wrth 0 021M TIOA tt is quantitattve 
even with 0 02M gallic acrd. However, the absorbance of the tttanium specms is greatest when the 
TIOA concentration IS O*OZlM. It is not practicable to mcrease the gallrc acid concentration above 
OsOSM, owing to its low solubtlity. 

By use of 0.021 M TIOA and 0.04M galhc acid, the effect of pH on the absorbance of the extracted 
titanium was studred again and found to be similar to that in experrments 1-9 m Table I. Under these 
conditions the spectrum of the titanium m the amine phase was recorded. It exhibtts a broad peak 
with a maximum at 390 rnp. By the procedure given below, a cahbration curve was obtained for 
titanium in the range 4-32 pg of TiO, per 10 ml of organic phase and found to be linear; the molar 
absorptivity of 17.2 x W. 
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Procedure 
Take an ahquot of sample contzmmg IO-80 ,ug of trtanmm droxtde, add to tt 10 ml of 0 IM gallrc 

actd and 2 ml of 1% ascorbtc acid to prevent Interference by tron(lll). adjust the pH to 2 0 f 0 1 
with -1Msodmm acetate and ddutc to 25 ml m a standard flask. Take 10 or 20 ml of this solution 
(accordmg to tttamum content) and equthbrate m a separatmg funnel wtth an equal volume of 0*02M 
amme sulphate solutton for 3 mm. Allow the layers to separate. Fdter the organic phase through 
a dry filter paper rnto the absorptron cell and measure the absorbance at 390 rnp against amine sulphate 
solutton equthbrated tirth a reagent blank. 

Interferences 
The behaviour of some cations and anions was studied under these experimental condmons. 

The results are noted m Table HI. Iron(H), copper(I1). nickel, chrommm(IIl), manganese(H) and 
cobalt(I1) tons show no extractton and as such do not interfere Iron(IIl), vanadate. molybdate 
and tungstate ions are partly extracted and also Impart colour to the amine phase. The interference 
of vanadate is muumzed by addttton of ascorbtc actd 

Smce sulphate and acetate are used in the procedure, then effect was studied by analysing synthetic 
mtxtures. The results are gtven in Table IV. 

TABLE III.-BEHAVIOUR OF X)ME COMMON IONS 

Ion 
Amount, Ascorbic acid. 

m,n added, ms A 100 Distribution ratio 

Fe(III) 

Cu(I1) 
N1(11) 
Cr(II1) 
Mn(I1) 
Co(H) 
V(v) 

Mo(VI) 

WorI) 
Th(Iv) 
AI(II1) 
Be(I1) 
UO,(II) 

0.056 
0 056 

20 
20 

:: 
20 

0.080 
0 085 
0200 
0 120 
0100 
0.224 
0224 
0040 
0040 
0400 

90 
15 
15 
0200 

- 
- 
- 
- 
- 
20 
- 
20 
- 
- 
- 
- 
- 

0104 
0.002 
0 305 
0 180 
0005 
0003 
0002 
0001 
O*OOO 
0000 
0000 
0.002 
0.020 
0004 
0 265 
0 270 
0 140 
0005 
0000 
0000 
0000 

0.1 
- 
- 
- 
- 
- 

0- 
0 
0 
0 

:2 
1.9 

40 
40 
4 
0.002 
0 

1% 

The element left m the aqueous phase after equthbration was determined 
by standard calorimetric methods6 after destruction of the organic matter. 

* Probably extracted as sulphate complex. 

TABLE IV.-EFFECT OF SULPHATE AND ACETATE 

Salt Amount, mg TiO, found, pg Error, prg 

Potassium sulphate 100 32 0 
300 32.2 
500 31.6 -0.4 

Sodturn acetate 34 32.0 00 
68 31.8 -02 

136 32 0 00 

TiOt taken-32.0 pg. 
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Stabilized steels 
APPLICATIONS 

In some of the methods for the determination of titanium in steels,b7 chromium, 
nickel, cobalt, etc. interfere. In otherWs the separation of titanium from other 
elements is time-consuming. The method described here is applicable to steels with 
advantage. 

The results in Table III show that 80 mg of ascorbic acid will reduce the inter- 
ference of 20 mg of iron(II1) to a tolerable level. Because ascorbic acid forms 
coloured complexes with titanium(IV),” the effect of 60-100 mg of it on the titanium 
determination was studied, along with the effect of 8-12 mg of chromium(III), 20- 
25 mg of nickel and 10-15 mg of cobalt(U). The maximum deviation in the determina- 
tion of 8-O pg of titanium dioxide was f0.2 ,ug. Interference from molybdenum and 
tungsten can be eliminated by hydroxide precipitation, titration, and dissolution of 
the precipitate in sulphuric acid to yield the solution for titanium extraction. Typical 
results are shown in Table V (samples 5 & 6). 

Procedure. Dissolve 0.1-05 g of the steel in 25 ml of hydrochloric acid and a little nitric acid in a 
beaker. Add 10 ml of sulphuric acid (1 + 1) and evaporate the solution till fuming. Cool and dilute 
to 50 ml, boll, and filter through Whatman No. 40 fiiter paper. Ignite the residue, treat it with hydro- 
fluoric and sulphuric acids and ignite it again. Fuse this residue wtth potassium bisulphate, cool, 
dissolve the melt in 5 % sulphuric acid, add to the main solution and dilute this to 100 ml, the tInal 
acidity being equivalent to 5 % sulphuric acid. 

To an ahquot of the same solution, add 10 ml of O*IM gallic acid and an amount of ascorbic 
acid equal to five times the weight of the sample in the aliquot. Adjust the pH to 2.0 f @I with 1M 
sodium acetate and dilute to 25 ml in a standard flask. Transfer 10 or 20 ml of this solution into a 
separating funnel and equihbrate it with an equal volume of 0~020-0~026Mamine sulphate in toluene 
for 3 min. Separate the phases, filter the amine layer through a dry Whatman No. 40 filter paper, 
and measure its absorbance at 390 rnp against amme suiphate equilibrated with the reagent blank. 
Prepare a calibration curve with standards treated similarly. 

TABLE V.--ANALYSIS OF STANDARD STEEL SAMPLES 

Sample 

1. B.C.S. No. 235/l (Stabilized 
stainless steel) 

2. B.C.S. No. 233 (Permanent 
magnet alloy) 

3. B.C.S. No. 236/l (Haematrte 
iron) 

4. B.C.S. No. 206 (Cast Iron) 

5. B.C.S. No. 220 (H.S. steel) 
6. B.C.S. No. 241 (H.S. steel) 

Ti expected, 
% 

0.36 

0.79 

0.065 

0.16 

160 
160 

Ti obtained, 
% 

0.37 
0.37 
0.79 
0 80 
0068 
0063 
0.17 
0.17 
160 
1.55 

Samples 1 to 4 contam <0X)4% MO and W. Sample 5 contains 6.74% 
Wand4~17%Mo,andsample6contains2028%Wand0~54%Mo; a 
known amount of titanium was added to both these samples. 

Reactor-grade thoria 

Hydrogen peroxide,“*16 oxine17*is and tiron15 have been used to determine 
titanium in the presence of thorium but their sensitivities are too low for application 
to reactor-grade thoria containing less than 50 ppm of titanium. 

Synthetic samples containing thorium sulphate and known amounts of titanium 
were analysed by the present method and the results are given in Table VI along with 
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those for some sintered thoria samples from Atomic Fuels Division, BARC. The 
standard addition technique was used to assess the accuracy of the method. 

Procedure. We@ accurately 0 1 g of the thoria ponder and dissolve it in 20 ml of nitric acid and 
2 or 3 drops of 2% hydrofluoric acid. Evaporate to dryness on a water-bath. Add 5 ml of 5% 
sulphurlc acid and heat to copious fuming. Cool, and dtssolve the residue m a few ml of water. Add 
enough gallic acid to give a final concentration of 0 04M, and adjust the pH to 2.0 with sodium 
acetate Dilute to about 15 ml, and extract the titamum ~11th 10 ml of amme sulphate solution. 

TABLE W.-DETERMINATION OF TITANIUM IN WNTHETIC 
ANu .~TERED TH~RIA s~bsus (IOO-mg SAMPLES) 

No. 

I 
2 
3 

4 

5 

6 

TIOz added, Pg 

- 
80 

160 

20 
- 
20 

YO 

TIOI found, rg 

02 
18 

16 2 

;:A 

1.76 
3 86 

1,2 and 3 are thorium r&ate samples from Indian 
Rare Earths Ltd., Bombay. 4, 5 and 6 are sintered 
thona samples from Atomic Fuels Division of this 
Centre. 

Silicate rocks 

Various methods have been reported for the determination of titanium in silicate 
rocks.leM They have their own advantages and disadvantages, but in view of the 
selectivity and sensitivity of the present method, its extension to this problem was 
studied. Typical results are given in Table VII. 

Procedure. Fuse 0.5 g of sample with 5 g of sodmm carbonate in a platinum crucible for 1 hr 
(test first for presence of the acid sulphide group). Dissolve the cooled melt in hydrochloric acid, 
evaporate the solution to dryness and bake. Treat the dry mass with dilute hydrochlonc acid and 
filter. Ignite the residue, treat it wrth hydrofluoric and sulphuric acids, ignite It agam, and fuse the 
residue with potassium bisulphate. Dissolve the cooled melt m dilute acid and add it to the main 
solution. Add ammonmm chloride and ammonia solution. filter off the hydroxides, wash them 
and dissolve them in 5% sulphurlc acid. Dilute the solution to 100 ml. Add 20 mg of ascorbic 
acid to a suitable aliquot and extract as described under the procedure for steels. An alternative is 
to use the Berzehus method for removal of silica and bringng the sample into solution. 

TABLEVIL--ANALYSIS OF SILICATE SAMPLES FOR TiO, 

TiO, by peroxide method.lD 
% 

TiO* by present method, 
% 

051 0 53 
0.80 O-78 
050 0.52 

:: 
096 
1.97 

CONCLUSION 

The method described is far more sensitive than the widely used peroxide method 
but less sensitive than some others .2*7*25-27 In selectivity it compares well with the 
thiocyanate-TOP0 method, 26 while other more sensitive methods are less selective. 
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In view of its good selectivity and sensitivity, it can be applied to some specific 

problems with advantage. 

R&m&-On a ttudie l’extractron de I’espece gallate de tttane(IV) en 
trr rsooctylamme (TIOA) pour &laborer une m&ode spectrophoto- 
mttnque de dosage du tttane. On d&It le comportement d’ions 
communs darts les conditions d’extractton quantrtattve du tttane. On 
donne des exemples d’apphcatron de la methode B l’analyse d’aciers, 
de thorine qualit reacteur et de roches au stlicate. 

Zusammenfassnn8-Zur Entwicklung emer spektrophotometrrschen 
Methode zur Besttmmung von Tttan wurde die Extraktron von 
Tttan(IV)-Gallat-Spes m Trusooctylamin (TIOA) untersucht. Es 
wtrd uber das Verhalten haufig vorkommender Ionen unter den 
Bedmgungen der quantttattven Tttanextraktion benchtet. Betspiele 
der Anwendung der Methode auf die Analyse von Stahlen, von 
reaktorremem Thormmdtoxid und von Sthkatgestemen werden 
angegeben. 
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CALMAGITE AS A SPECTROPHOTOMETRIC 
REAGENT FOR ALUMINIUM 
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Summary-Calmaglte is proposed as a sensltlve spectrophotometrlc 
reagent for alummmm, es70mp = 42000. After aqueous phase rcactlon 
at pH 8 6, the metal-reagent complex is extracted mto chloroform by 
formation of an Ion-association complex with a quatemary ammomum 
salt. The method is free from interference by common anions, and 
catiomc interferences may be eliminated by the use of cyanide and 
EDTA as masking agents. 

NUMEROUS spectrophotometric methods for the determination of aluminium 
have been published. I The most frequently used reagent is probably aluminon, 
but, more recently, more sensitive reagents e.g., stilbazo (E = 34600), Eriochrome 
Cyanine R (E = 57000) and Chrome Azurol S (E - 50000) have been widely applied. 
Almost all methods are carried out in the pH range 3-7 and are subject to many 
interferences. 

In the present study, the metallochromic properties of a number of o,o’-dihydroxy- 
azo dyes were investigated both in aqueous solution and after extraction into 
chloroform as ion-association complexes. Several potentially applicable reactions 
were noted. This communication describes the work which has been carried out to 
characterize the aluminium-Calmagite system. 

Calmagite, 1-(1-hydroxy4methyl-2-phenylazo)-2-naphthol4sulphonic acid, was 
first introduced by Lindstrom and DiehP as a stable replacement for Eriochrome 
Black T in the EDTA titration of calcium and magnesium. Its behaviour is sum- 
marized in Diehl’s mon0graph.s 

After aqueous phase reaction between the metal and Cahnagite at pH 8.6, the 
negatively-charged complex is extracted into chloroform by association with a 
quaternary ammonium saIt. Methyltricaprylylammonium chloride is used as the 
extracting agent but several other tertiary ammonium salts are equally suitable. 
Many interferences may be eliminated by the use of cyanide and EDTA as masking 
agents. 

EXPERIMENTAL 

Apparatus 

Samples were prepared in 45ml cyhndncal tubes, fitted with polyethylene stoppers and plastic 
screw-caps. These were shaken m an Eberbach Reciprocatmg Shaker at the high-speed setting. 
Water at 250 f 0 2’ from a Wilkens-Anderson Co. Lo-Temp. bath was circulated through the 
jacketed shaker tray. 

Absorption spectra and quantitative spectrophotometric measurements were obtained with a 
Beckman DB spectrophotometer. A Beckman Model G pH meter with a glass-calomel electrode pair 

l Present address: 
70803, U.S.A. 

Department of Chemistry, Louisiana State University, Baton Rouge, Louisiana 
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was calibrated with Beckman buffer solutions at pH 7.00 and 10 00, and used for all pH measure- 
ments. 

Reagents 

EufferpH 8.6. Volumes of 450 ml of O-l&f boric acid (ARgrade. Mallinckrodt) and 250 ml of O*lM 
sodium tetraborate (AR grade, Mallmckrodt) were mrxed and dduted to 2 1. with distrlled water. 
Anhydrous sodium perchlorate (39*4g, G. F. Smith Chemical Co.) was added to make the ionic 
strength of the stock buffer solutton 0.3. 

CalmagUe. A 0.15-g amount of Calmagite (Crty Chemical Corp.) was drssolved in 1 litre of dis- 
tdled water. The slight turbidity which persrsted even after prolonged sturmg was removed by 
filtration. Thus solution was used for all the work on the development of the analytical procedure. 
The purity of this reagent was checked by measuring the molar absorpttvtty of solutions at pH 10.0 
and 610 mc”.5 These expertments indtcated a purity of 47 ‘A if it was assumed that none of the tm- 
purmes present absorbed at thrs wavelength. The stock reagent solution used was therefore approxt- 
mately 1 94 x lo-*M. 

The purtty of another sample of Cahnagite (K and K Labs.) was found to be approx. 60% and 
soluttons prepared from “corrected” weights of this sample were used for the experiments to deter- 
mine the nature of the complex. It was noted that both batches of Calmagrte had a strong phenohc 
odour, probably mdtcatmg the presence of p-cresol, one of the starting materials m the syntheses of 
Calmagrte. 

Methyltrrcaprylylammonium chloride. Thus reagent was obtained as Aliquat 336 (General Mdls, 
Chemrcal Dtvaton, Kankakee, Ilhnois). No attempt was made at purrficatton An approximately 
0 IM solutton was prepared by dtssolvmg 40 g in 1 litre of chloroform (AR grade, Mallmckrodt). 

Alumuuum and other metal ion soluttons were prepared from their perchlorates (G. F. Smith 
Chemical Co.). 
grade). 

Aniomc mterferences were investigated by using the sodium salts (generally analytical 

Spectrai characteristics 

Ftgure 1 shows the absorption spectra of Calmagrte and its aluminium complex after extraction 
with a chloroform solution of Aliquat 336 from aqueous solution at pH 8 7. Under these condmons 
the ahumnmm complex is purple and the reagent blank is orange. The optimum wavelength for 
measurement of the alumuuum complex IS 570 m,u. 

Establishment of optimum conditions for aluminium determmation 

The factors affectmg the system and Its potential as a spcctrophotometrtc procedure were investt- 
gated m a standard manner.’ During the preiimmary qualitattve mvestrgattons, the extractable 
purple aluminium-Calmagrte complex was observed to form above ca. pH 8. The absorbance of thts 
complex was maximal over the range pH 8.2-8 8. The optimum pH regron for the analytical deter- 
minatron 1s 8.6-8.7. Since the pK for the dissociation of Calmagtte, HID- P HD*- + H+, IS 8 14,* 
at pH 8 6 approx. 75 % of the dye IS present in the form HD+. 

It was shown that a five-fold molar excess of reagent over alummuun was sufficient to develop 
fully the colour of the complex and that a further increase in the reagent concentration had no effect 
on the absorbance due to a given amount of aluminium. A ten-fold molar excess of Calmagtte was 
used m the analytrcal work. It was also shown that a nommal3000-fold molar excess of Ahquat 336 
over alumrnium was necessary to ensure total extractton of the metal complex and this concentration 
was used. 

The aluminium_Calmagrte complex IS not formed instantaneously at pH 8.6 and 30 mm should be 
allowed after mlxmg of the alumuuum, reagent and buffer soluttons for the aqueous phase com- 
plexatton to proceed to completton. After addition of the chloroform solutron of Ahquat 336, a 
shaking time of 2 min IS adequate to ensure total extractton of the ion-assoctattlon complex. The 
absorbance of the extract is then constant for several hr and is convement!y measured after 30-60 
mm. 

Procedure 

To 5 ml of nH 8.6 buffer m a shakine-tube, add 4 ml of4 x IO-‘MCalmagite, appropriate vohunes 
up to 5 ml of soluttoncontaining l*l-5.2 pgofaluminium, and dtsttlled wate;as r&es&y to make the 
volumes eoual. Mix well and allow to stand for 30 min. Now add 10 ml of 0.025M solution of 
Aliquat 336 in chloroform, stopper the tubes and agttate them for two minutes. Allow the solutions 
to settle for a further 30 min. then measure the absorbance of the organic phase at 570 mp, using the 
alummium-free solution as reference. The phase should be filtered through glass wool into the 
spectrophotometer cells to remove traces of water. 
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The calibration curve prepared under these conditions is hnear over this concentration range, i.e., 
0.1 l-0-54 ppm Al. The molar absorptlvlty at 570 rnp is 42000 which corresponds to a sensitivky 
index (SandeIF) of 0 00064 r&cm* for an absorbance of 0 001. 

The sensmvlty of the reactaon may, however, be Improved by extracting the complex from a Iarge 
aqueous volume mto a smaller volume of organic solvent. The extent of extraction of Calmaglte 
itself IS dependent on the volume ratio, but, If the reagent blank solution IS prepared under simdar 
condltlons, tius problem IS ehmmated. 

WAVE LENGTH (my) 

FIG. L-Absorbance of Cahnagite and its ahnninium complex after extraction with 
0*05&f solution of Ahquot 336 m chloroform, pH &7. 

Measured in l-cm cells with 0 OSM Aliquot 336 in chloroform as reference, 
A-8 x lo-‘M Calma@e 
B-8 x 1O-6M Caimagrte -+ 16 X lO+M upturn. 

RESULTS AND DISCUSSION 

Efect of foreign ions 

Several cations, notably transition metal ions, also react with Calmagite under the 
proposed conditions of the aluminium determination and thus cause interference with 
the method. It has previously been demonstrated, however,6 that cyanide and EDTA 
may be used as general masking agents in the spectrophotometric determination of 
aluminium by extraction from aIkalme medium with 8-hydroxyquinoline. Although 
no extensive ex~na~on of the effects of foreign ions on the present method has 
been undertaken, some preliminary experiments were carried out to demonstrate that 
these masking agents were also effective in this system. In the presence of 10-BM 
cyanide and 5 x IO444 EDTA (added as the calcium-EDTA complex with excess of 
calcium ions present to prevent the possibility of EDTA complexing the a~u~nium), 
the effects of H&fold molar excesses of such ions as Cu, Ni, Zn, Cd and Pb on the 
determination of 0.22 ppm of Al were < f 10 %. Undoubtedly, any interference by 
such ions could be totally eliminated by the addition of appropriate amounts of these 
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masking agents. It may be preferable for the purpose of ehmination of interferences 
to carry out the determination of alumimum at a pH higher than 8.6 even though this 
will result in some decrease in sensitivrty. Taking pk;, for hydrocyanlc acid as 
9.3,’ it is obvious that only approximately 17 “/ of the cyamde added wrll be present as 
CN- at pH 8.6, CJ 50% at pH 9.3 and 83 % at pH 10.0. Thus the effecttveness of a 
given amount of sodium cyamde as a masking agent will mcrease consrderably with a 
relatively small increase in pH. Also, at pH 9.3 (8.6) the logarithms of the conditional 
stability constants* of varrous metal-EDTA complexes are approximately: Al 
3*8(5-O), Ca 9*6(9*0), Zn 14*6(14*5), Cd 14*6(14+5), Cu 16+4(16=3), Fe(M) 13.8(13*8), 
Co(I1) 14*8(14*6), so the effectiveness of EDTA as a masking agent would also be 
increased by an increase in pH. 

The effects of a number of common anions on the absorbance due to aluminium 
were also examined. At the 80-fold molar excess level none of the anions examined, 
viz., fluoride, chloride, bromide, iodide, perchlorate, borate, nitrate, nitrite, sulphate, 
sulphite, thiosulphate, bisulphate, carbonate, bicarbonate, cyanide, thiocyanate, 
phosphate, acetate. formate and citrate, caused a significant change. Fluoride and 
phosphate were then examined at the 800-fold moiar excess level but no interference 
was found. Probably fluoride complexing of aiuminmm is prevented by the maskmg 
action of the borate buffer used. 

For practical purposes, it would be preferable to replace the stoppered vials which 
were used for this expIoratory work by separatory funnels. It may aiso be convenient 
and time-saving to prepare a composite solution containing appropriate amounts of 
buffer, Calmagite and masking agents. 

Nature of complex 

The composition of the anionic aluminium~almagite complex has been investi- 
gated by the standard spectrophotometric methods, viz., mole-ratio,v slope-ratro”O 
and continuous variations procedures. LL~*e As discussed above, it was known that the 
Calmagite sample used was only 60% pure and solution concentration were, there- 
fore, corrected m a suttable manner. Also, to avoid the further comphcatron that at 
pH 86 significant amounts of both H,D- and HD2- are present in solution, these 
experrments were carried out at pH 9.5, under whrch conditions virtually all Caimagite 
is present as HD2-. 

The slope-ratio studies indicated a 3: 1 Calmagite. Al complex and the mole-ratio 
studies a complex of greater than 2.1 molar proportions. The m~imum of the 
continuous variations curves appeared in the region of 2: 1 molar proportions, but 
the shape of these curves was such that the position of the maximum was difficult to 
determine. On the basis of these experiments and by comparison with previous 
observations with a very similar reagent, I3 it seems reasonable to suggest that the 
complex formed between aluminium and Calmagite at pH 8~6 is of 1: 3 molar pro- 
portions. 

CONCLUSION 

The sensitivity of this reaction, coupled with its simplhty, suggests that it may find 
application to the determination of aluminlum in numerous ~lrcumstan~es. The 
solvent extraction step permits concentration so that the sensrtrvrty may be increased 
beyond that of reactions carried out totally in the aqueous phase. Furthermore, the 
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ease of elimination of interferences indicates that it should also have advantages in 
selectivity over existing methods. 

Acknowk&e~eni--The authors gratefully acknowledge the financial support of the US. Atomic 
Energy Commrssion. 

Zusannnenf~almagit wird als empfindliches spektrophoto- 
metrisches Reagens fitr Alummium rmt Q~,,,,,,, = 42000 vorgeschlagen. 
Nach Reaktlon m w&Bnger Phase bei pH 8,6 wlrd der IComplex aus 
Metal1 und Reagens durch Bddung emcs Ionenassoziats rmt eincm 
quart&en Ammoniumsalz m Chloroform extrahlert. Die Methode 
wird durch die haufig vorkommenden Amonen mcht gestort; katlon- 
ische Sttirungen konnen nut Cyamd und EDTA als Masloerungsmlttel 
beseitlgt werden. 

R&ma&-On propose la c&nag&e comme r&a&f s~trophotom~triq~ 
sensible pour I’alummmm, .5s70ma = 42000. Apr&s r&ction en phase 
aqueuse a pH 8,6, le complexe m&al-rtactlf est extract en chloroformc 
par formation d’un complexe d’association ionique avec un se1 d’am- 
monium quaternatre. La m&hode est exempte d’mterftrence par l&s 
anions communs, et I’on peut iliiiner les mterf&rences cationiques par 
l’emplol de cyanure et d’EDTA comtne agents de stimulation. 
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Summary-Nitrogen in an alummmm-kdled steel was determmcd by 
an Isoto~~IIutton method usmg synthesized alumin~um nitride 
enrtched wrth l&N. The results were m agreement wtth those obtarned 
by chemical determmatlon, whereas the vacuum fuston method with 
iron and platmum baths, and the isotope-dlluuon method usmg 
gaseous l*N-enrtched nitrogen, did not give accurate results. 

THE determination of nitrogen in steels by the vacuum fusion method is considered 
less accurate than that by the chemical method except in the case of samples containing 
stabIe nitrides such as S&N,. The difference between the results from the two methods 
decreases if the extraction time is increased, but if the nitrogen content is low (< 100 
ppm) negative deviations may still arise in the vacuum fusion results, either because 
of incomplete extraction of nitrogen,1*2 or because the nitrogen is determined by 
difference and the error is therefore determined by the error of the least accurate 
measurement involved. We have reported elsewhere that the methods of vacuum 
fusion and isotope-dilution with gaseous rsN-enriched nitrogen gave the same results 
but that these were lower than the certified chemical values.3 We suggested that an 
isotope dilution method in which the isotope is added to a molten sample in a crucible 
would give accurate nitrogen values. 

Pearce and Masson4-G fused a steel sample in a degassed graphite crucible and 
allowed it to equihbrate over a period of 30 min with a measured quantity of nitrogen 
enriched with r5N at a gas-circuiatton temperature of 1600 or 16.50”. Notwithstanding 
generally accepted evidence to the contrary, they reported that good agreement was 
observed for several types of steels between the results of the chemical, the isotope- 
dilution, and the vacuum fuston methods when the vacuum fusion analyses were 
performed at 2 100 or 2240” 

Orolova and Vitol’ determined the nitrogen in an alloyed steel and other refractory 
metals, including niobium ’ They prepared a master alloy of niobium powder 
saturated with %I at 900” for 4 or 5 hr. The isotopic composition of the nitrogen 
liberated from the master attoy was calculated on the basis of the amounts of the 
nitrogen introAced and that imtralfy contained in the powder. They showed a com- 
parison of the data with the chemrcal method only in the case of the niobium samples, 
in which the Isotope-dtlutton vafues were 0*02°k lower than the chemical values. 
Their determination of the nitrogen content and of the isotopic concentration in the 
master alloy is not described 
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In the present work, aluminium nitride was used as master alloy for the determina- 
tion of nitrogen in an aluminium-killed steel. Aluminium nitride is a very common 
constituent of steels and under the conditions of vacuum fusion analysis for steel 
samples is found to be decomposed to nitrogen. 2 Aluminium nitride is also easily 
decomposed by sodium hydroxide solutions and to yield ammonia. Hence the 
chemical (Kjeldahl) method can be applied to the determination of nitrogen in 
aluminium nitride. The isotopic composition of the gaseous nitrogen was measured 
and obtained by oxidation of the ammonia redistilled from the titrated solution. 

EXPERIMENTAL 

Preparation of ‘5N-enrrcl~ed alrrmrnrum mtnde 

Metalhc aluminium grams were heated at 1300” in an atmosphere of ammonia obtained from 
rSN-enriched ammomum sulphate and sodrum hydroxide. 
nitrrde was crushed to powder m an agate mortar. 

After 1 hr of heating the alummtum 
The alummium grains were covered wtth the 

pulverrzed crude alummmm mtrrde and heated agam. This procedure was repeated several times. 
Figure 1 shows the apparatus used, of whtch the ammonia preparatton tube IS a moddicatron of 

N 
____ 
____ 

7 

1 
Pump 

Fm. I.-Apparatus for preparation of alumimum nitrrde. 
A-r&N-enriched (NH,),SO, ; B-NaOH pellets; C-NaOH pellets; T,-trap for HtO; 
Tz-trap for NHS; M-manometer; F-furnace; S-sample; N-metallic sodturn 

boats. 

CIus~us and Effenberger’s tube.* The nitrogen content of the alummmm mtrrde was determined 
chemtcally by potenttometric tttratton; the coefficient of variation was 1% (4 determmations). The 
concentration of nitrogen-15 was measured by means of a mass spectrometer after redistrlling the 
ammonia and oxtdrung It to rutrogen wrth hypobromous actd. @ Results on alummium mtrrde 
contammg 3% of 15N showed a coefficient of variation of 1% (4 determmattons). No change m 
isotoptc compositton was observed durmg these procedures. 

Apparatus 

Analyses were made with the aid of a mod&d isotope-ddutton-vacuum fusron apparatus descrtbed 
reviously.‘oJ~ 

! 
A gasextractton pump having a rate of 41 I&c at 1O-5-1O-* mmHg was used. A 

y-pass tube was inserted from the collectmg-tube to the end of the sample-loadmg arm on the 
furnace m order to circulate the gas m the system to equilibrate wrth rsotope-enrrched nitrogen. A 
ToepIer pump, a sampling tube for isotope concentratron measurement, and an Isotope gas inlet were 
also Inserted. 

The collecting-tube normally used had a capacity of 83 2 ml, and was connected to an 011 mano- 
meter for pressure measurement. The oil used was Dow-Cornmg Srlicone No. 703. The volume of the 
tube was calibrated by means of a gas-burette with a reading error of f 1%. The manometer sensrtivity 
for nitrogen was OGO728 mg/mm. Two Puaru gauges were used for continuously momtormg the 
p-we at the collecting-tube and the mtermedrate collecting-tube-. 

Carbon monoxide and hydrogen evolved from the samples were oxrdtzed to carbon droxide and 
water respectively, by crrculating the gas mtxture over heated copper(H) oxide. Water was absorbed 
with phosphorus pentoxide and carbon dioxide was frozen out in a hquid-nitrogen trap. The residual 
gas was assumed to be mtrogen, which was collected by means of the Toepler pump for mass spectro- 
metrrc measurement in the Isotope-drlution analyses. 
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The tsotope-dtiutron method using gaseous mtrogen was employed, and a cock was inserted 
between the furnace and the extraction pump m order to mcrcase the pressure in the furnace for the 
purpose of simulatmg the conditions of analysts used by Pearce, m which there may be consrderablc 
flow-resistance betaeen the furnace and the cnculatron pump. 

A modrfied CEGl03A type mass spectrometer was used to determine the isotopic compositton 
of the extracted nitrogen, the ton currents at nt/e 28, 29, and 30 all being used. The IjN-cnrichcd 
ammonium sdphate used was obtained from the Institute of Physical and Chemical Research. 
Tokyo, Japan, and lSN-enrrched rutrogen from the Bra-Rad Laboratories, Richmond, Cahforma, 
U.S.A. 

Sample material 
The aluminium-killed steel used was that used m the cooperative study of the Japan Soctety for 

the Promotion of Sciences, 19th Commmee, Gas Analysis Sub-Commrttee. Its composttion was 
C, 0.09%; Si, 0 01%; Mn, 0 26%; P, 0 006%; S, 0 032%; Cu, 0 IS%, Al, 0 010%. 

Before analysis, specimens were cut from a sample rod, smoothed wtth fine files, rinsed in light 
petroleum and allowed to dry m au. Specimens for the alummrum mtrtde Isotope-drlution analys, 
were cut as shown in Fig. 2, with the atd of a lathe without using any cuttmp 0th After rinsmg and 

Portion A Portion B 
FIG. 2.-Sample for the isotope-dilution method using Al”N. 

drying, a measured quantity of 16N-enriched aluminium nitride was placed in the cavity of portion A, 
and portion B was then plugged into the cavity to about half its depth and tapped lightly so that it 
would not become dislodged. 

Procedures 
Vucuum fusion udysk. The conventional analysis at 1650” for steel samples was used; 15 g of 

electrolytic iron were used as bath metal. To investtgate the effect of the crucible temperature, 
analysis was done at 1850” with the same quantity of electrolytic iron. Ogaharals and Dallmann~ 
have recommended platinum as a good bath for the nitrogen analysis, so analyses were also done 
with 15 g of platinum at 1750” and 2100”, the highest temperature for the apparatus used. In all 
of these experiments the blank rate was negligible. 

After the crucible assembly had been degassed at 2200” or 2300”, the bath metal was dropped into 
the crucible at the temperature of analyses. Degassmg took 1-2 hr in the case of iron, and 15 mm 
for platinum. A sample was then dropped in and the evolved gas was oxidized, trapped, and measured 
by means of the oil manometer. 

Isotope-dilution analysis. All analyses were done at 1650” with an iron bath. In the method 
using 16N-enriched nitrogen gas the influence of the pressure in the furnace was investigated by means 
of a cock inserted between the furnace and the extraction pump. To avoid the effect of glow discharge 
through the heating elements, the pressure was kept under 10-s mmHg. 
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After the cructble had been degassed and the bath metal dropped into the cructble, the temper- 
ature was set to the gas-extractton temperature for a period of 1 hr and any residual gas m the metal 
was pumped off until the blank rate was neghgtble. A measured quantny of lsN-enriched mtrogen 
was Introduced mto the system, and the spectmen was rmmedtately added to the crucrble After 
30 mm cuculatron the gas was collected, oxtdtzed, trapped, and transferred to a samplmg tube for 
mass spectrometric analysts. The residual gas evolved after 30 mm was also examined. 

In the method employmg lSN-enrlched alummium mtrtde, two varletles of aluminmm rutride 
were used, one contammg about 3 y0 15N and the other about 60% 15N The mtrogen content of the 
alummmm nitride and its tsotopic composition were determmed each time before use. A sample 
wtth alummmm mtrtde was dropped mto the degassed bath metal m the graphite crucible. The evolved 
gas was cnculated m the system for 30 mm and was then introduced mto the analysing system to 
get rid of carbon monoxide and hydrogen, and transferred to a samplmg tube. The restdual gas 
evolved after 30 mm was simdarly treated. In all these experiments the blank rate was neghgtble. 

Chenrrcal analysts. All analyses were performed accordmg to the conventional method, except 
that a trappmg flask containing 20 ml of 0 OIN sulphurtc acid was attached at the exit of the dtgestton 
flask, and this solutton and the sample solution were steam-distdled with sodium hydroxide solutton. 

RESULTS AND DISCUSSION 

Table I shows the results of the isotope-dilution analysis. In the analysis of sample 
1, the 15N concentration of the gas collected in the first 30 min was the same as that 
of the gas collected during the next 15 min. This shows that isotopic equilibrium was 
established in both gas and liquid phases in the furnace m the initial 30 min. In the 
analysis of sample 4, however, the 15N concentration increased gradually and isotopic 
equilibrium was not established even after 45 min. This change m composition 
indrcates that there was gradual decomposition of aluminium nitride in the sample and 
the possibility of incomplete extraction of nitrogen caused by graphite deposited in 
the bath metal through prolonged heating. The nitrogen value for sample 4 was 
apparently extraordinarily high. 

TABLE L-COMPARISON OF RESULTS OF NITROGEN DETERMINATION BY 15N ISOTOPE-DILWON 

Nttrogen collected durmg 
Nitrogen 

Weight, 15N added, O-30 mm 30-45 mm 45-60 mm content, 
Sample g mg mm ollt % 15N mm odt %lSN mmodt yO15Nt PPm 

1 2 05 0 657* 171 240 06 240 00 - 70 
4 2 11 0 720’ 183 184 15 277 06 295 - 
5 2 77 0 0735: 19 3 427 04 60 02 - 38 
7 1 94 0 0954: 100 590 03 148 02 33 
9 1 88 0 66071 12 7 351 08 330 - 1 69 

+ Added as AlN (3 7 o/o 15N). 
t 1 0 mm orl = 7 28 pg of nrtrogen. 
$ Added as lsN, (90 8 ‘A 15N) 
7 Added as AlN (58 2% l&N). 

In the analysis of sample 5 the extracted gas was progressively diluted with the 
natural nitrogen from the melted sample. This is evidence that isotopic equilibrium 
was not attained in the system. The result was 32 ppm lower than that for sample 1. 

In the analysis of sample 7, a cock was inserted between the furnace and the 
extraction pump, and the pressure in the furnace was increased. Progressrve drlution 
with natural nitrogen from the melted sample was again observed. The nitrogen 
value was similar to that of sample 5. 

With sample 9, for which the 15N-rich nitride was used, isotopic equrhbrium was 
established in 30 mm. 
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The results obtained are summarized in Table II. The values obtained by the 
chemical method and the isotope-dilution method using W-enriched aluminium 
nitride are in good agreement, while the results by the other methods are markedly 
different. 

TABLE II -NIIROGEN CONTEYT OF ALUMhlUM-KILLEI, STEEL 

Method 

Vacuum fusion 

Isotope-ddutton 

Chemical 

Extractron 
lSN added temperature, Bath 

“C metal 
Nrtrogen value, Mean 

as PPm PPm 

1650 Fe 27, 36, 32. 35 33 
1850 Fe 21,33, 37,43 33 
1750 Pt 51, 50,48,47 49 
2100 Pt 46,44,40,40 43 

lSN* 1650 Fe 38,37, 33,42 38 
APbN 1650 Fe 65,70,68, 69 68 

59,69.63,67,60 64 

In the vacuum fusion analysis usmg a platinum bath, the nitrogen values obtained 
at 2100” were lower than those for 1750”, owing to the increased solubility of nitrogen 
in molten platinum. In the iron-bath method, results obtained at 1850” were scattered 
and a longer extraction time was needed than at 1650°, for the same reason as for the 
platinum bath. Although an increase of the extraction temperature promotes the 
dissociation of nitride, it does not necessarily result in an increase in the quantity 
of nitrogen extracted. 

The isotope-dilution method using gaseous nitrogen did not give any correct 
nitrogen values. Isotopic equilibrium was not established in 30 min even when a cock 
was inserted, and during gas circulation in the system the 15N-enriched nitrogen 
introduced was either absorbed or reacted with graphite to form cyanogen, resulting 
in positive errors. 

The isotope-dilution method using isN-enriched aluminium nitride is accurate and 
simple, and eliminates the errors encountered from gas absorption and 
gas extraction in the vacuum fusion method. The application of this 
samples containing chemically stable nitrides is now being investigated. 

Zusammenfassnng-Stickstoff wurde in einem aluminium-beruhigten 
Stahl durch Isotopenverdunnung bestrmmt, unter Verwendung 
synthetlschen, mrt rbN angereicherten Aluminmmmtrids. Dte Ergeb- 
msse stimmen mit denen chemischer Analysen uberein; dagegen 
lieferten Vakuumschmelzen mit E&n- und Platinbadem sowre die 
Isotopenverdunnungsmethode mit gasfisrmigem, 
Sttckstoff keine genauen Ergebnisse. 

rsN-angeretchertem 

R&urn&-On a dose l’azote darts un acier d&soxydC a I’aluminium par 
une methode de dilution isotopique utilisant un mtrure d’alummium 
synthttise enrrchr en*&N. Les resultats sont en accord avec ccux 
obtenus par dtterminatron clumrque, tandts que la methode de fusion 
sous vrde avec des barns de fer et de platine et la methode de drlution 
isotoptque utllisant de l’azote gazeux enrich1 en r6N ne donnent pas de 
r&hats precis. 
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Snrnma~-Visual compleximetrrc methods for the trtration of calcmm 
m the presence of magnesium have been based etther on maskmg the 
magnesium or usmg an Indirect mdicator procedure, e.g., the system 
Zn-EGTA-Zmcon. In the proposed method these two approaches are 
combined. Zn-EGTA complex 1s added to the mtxture and the zmc 
hberated m the calcmm replacement reaction IS titrated with EGTA 
after the magnesium has been masked with fluorrde ion. 

DE~PD-E the widespread acceptance of the compleximetric method for the determination 
of temporary and permanent hardness in water, there is as yet no truly satisfactory 
visual procedure for the determination of calcium in the presence of magnesium. 

The standard method whereby the sum of calcium and magnesium is titrated by 
EDTA at pH 10 gives an accurate value for “total’* hardness, but determination of 
calcium in a second sample by titration at pH 2 12 leads to erroneous results owing 
to co-precipitation of some of the calcium on the magnesium hydroxide. This situa- 
tion has been fully reviewed and several possrbihties for improvement have been 
suggested.l*s 

More recently ethyleneglycol bis(@-aminoethyl ether)-N,N,N’,N’-tetra-acetic 
acid (EGTA)S has been used as a selective chelating agent for the titration of calcium 
in the presence of magnesium .4 Although the difference in the stability constants of 
the calcium and magnesium EGTA complexes (log Kcay = 11.0, log KM,, = 5.2) 
is sufficient for a selective titration of calcium in the presence of (soluble) magnesium 
the development of a satisfactory visual method has been handicapped by the lack of a 
calcium-specific indicator. The main emphasis, therefore, has been on instrumental 
detection of the end-point. 

Schmid and Reilley, in their original method4 utilized a mercury/mercury(II)- 
EGTA electrode for the potentiometric detection of the end-point. This type of 
detection system has also been used to monitor the titration of calcium in the presence 
of magnesium with coulometrically generated EGTA.5 Amperometric indication of 
the end-points has been employed by Monnier and his co-workers6*7 in the sequential 
titration of calcium and magnesium. In addition, a fluorimetric procedure has been 
described.* It would also appear that enthalpimetric detection of the end-point9 is 
feasible, although little attention has been paid to this method up to the present time. 

In spite of the experimental simplicity of most of these techniques, a visual 
end-point is usually to be preferred and several groups of workers have examined 
different possibilities. 

Two main lines of approach have been made. In the first are found those methods 
333 
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which have concentrated on selective masking of one of the components, usually 
magnesium. Thus Burg and Conaghan’O have developed a method for the sequential 
titration of calcmm and magnesium which IS basically a modification of the earlier 
EDTA procedure. Calcium IS titrated at pH 13 with EGTA, Calcon being used as 
indicator and the magnesium masked with tartaric acid. The pH is then lowered to 10 
and the magnesium is titrated with EDTA. In Pgibil’s procedure, magnesium is 
titrated with trun.r-I ,2-diaminocyclohexane-N,N,N’,N’-tetra-acetic acid (DCTA) 
after the calcium has been masked with a measured excess of EGTA.ll 

The other mam hne of approach has been by an indrrect method usmg the system 
~nc-EGTA~Zincon to sensmze the end-point. 12*13 The measured stab&y constant of 
zinc-EGTA is 128.13 Thus to displace the equlhbrium of the replacement reaction 

Ca2+ _i- ZnEGTA2-e CaEGTA2- i- Zn2* 

towards the right-hand side so that the end-pomt reaction 

Zn?+ + HIn3- of ZnIn”- + H+ 
orange-yellow blue 

cam occur, It is necessary to add auxllrary complexmg agents (e.g., ammoma IA the 
buffer system). 

Because calcium and magnesium do not form complexes with Zmcon, the end- 
point is marked by the transition from blue to orange-yellow as zmc-EGTA is 
formed. Unfortunately this indicator system is very sensitive to changes m buffer 
imposition arid ConcentratloA. In addition the presence of conventional maskmg 
agents cannot readily be tolerated. 

In the present study, the calcium/magnesium mixture is treated with an excess of 
zmc-EGTA complex in an ammoma buffer at pH 10 so that the replacement reaction 
occurs. After the magnesium has been suitably masked, the liberated zinc ion is 
trtrated with EGTA, Zmcon being used as indicator. 

The selection of conditions for masking the magnesium is critical. The masking 
agent must form a stronger complex with magnesium than EGTA, i.e., log &ax > 6. 
At the same ttme the calcium and zmc complexes of the masking agent must be much 
weaker than the correspondmg EGTA complexes and must be soluble. 

DEVELOPMENT OF METHOD 

The residual solution after the replacement reactton contams calcium-EGTA 
complex, unreacted zinc-EGTA complex and unchelated magnestum and zmc ions. 
The selection of a masking agent for the magnesium ions IS comphcated by the fact 
that most of the conventional maskmg agents for magnesium also form insoluble zinc 
salts. Fluoride ion was chosen (log K = 8 15) and masking of the magnesium was 
found to be complete when the dielectric constant of the solution was lowered by the 
addition of 25 % of ethanol. 

Initial results showed considerable inconsistency, owing to the mfluence of the 
composition and nature of the buffer, and to reaction between the calcium complex 
and fluoride ions. 

Earlier observations that the end-point for this titration is critically dependent on 
the nature and concentration of the buffer system were confirmed. When the anion 
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of the ammonia buffer system was changed from chloride to acetate, improved 
results were obtained, provided all other experimental parameters were fixed. The 
dependence of the experimental result on time of standing indicated that there was a 
slow reaction between calcium-EGTA and fluoride ion. The absence of reaction 
between zinc-EGTA and fluoride ion (unlikely in view of the high stability constant 
of zinc-EGTA) was confirmed. It was apparent, therefore, that this interference 
would be influenced by the ratio of magnesium to calcium, i.e., a large excess of 
fluoride beyond the amount required to mask magnesium would cause a signlfi~nt 
error. Thus for a given concentration of magnesium in a calcium~magnesium mixture 
there exists a range of fluoride concentrations beyond which interference will occur. 
The limits were found experimentally for calcium:magnesium ratios from 10: 1 to 
1:50. The results obtained are shown in Fig. 1. For most natural waters the ratio 

^ ‘1 
ui 
I 6- 

I 
0 
- 5 

E 

f 4- 

FIG. l.-Permissible ranges of fluoride for masking magnesium. 
The two curves give the upper and lower limits of fluoride for a given amount of 

maguesium. 

ma~esium:calcium lies in the range from 1:s to 1:2. Thus from the total concentra- 
tion of magnesium and calcium, determined by separate titration, a rough estimate of 
the magnesium concentration can be made. By reference to Fig. 1 the required 
amount of fluoride can be found. Moreover it can be seen from Fig. 1 that the 
tolerance to fluoride is quite appreciable over the range of concentrations of calcium 
and ma~~iurn shown by most water samples. Thus 35 ml of l&f fluoride, as 
recommended in the general procedure, will effectively mask up to 10 mg of magnes- 
ium and should prove to be entirely satisfactory for almost all water analyses. 
Even if 25 mg of magnesium were present the error would only be approximately 
+2x. The error only becomes appreciable, i.e., >5%, when the Mg:Ca ratio is 
>50:1. 

Reagents 
EXPERIMENTAL 

Erhylenegfycol bis(&nnfinwthyi ether~N,N,N;N’-retru~cef~c acid, O~OlJU. Prepare by dis- 
solvmg 7.6 g of the acid in IO ml of 4M sodtum hydroxide and 10 ml of distilled water and lluting to 
2 l., Standardize with standard calcium solution (see frmehre). 

Cal&nt solutions (QlM and O.OlM). Dissolve Y&O45 g of pure caldum carbonate in hydro- 
chloric acid and dilute the solution to 500 ml (@l&f). Prepare the O*OlM soh~tion by dilution. 
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Magnesium solur~ons (0 1 M and 0 0 I M) Dissolve 12 325 g of analytical reagent grade magnesium 
sulphate heptahydrate, m distilled water and dilute to 500 ml (0 IM). Prepare the O*OlM solution 
by ddutton. 

Ammonra/ammonrum acefafe bufir, pH 10 3. Dissolve 50 5 g of ammonmm acetate m 300 ml of 
water and add 100 ml of concentrated ammonia solution Adjust the pH to the exact value with 
ammonia and dilute to 500 ml. Use analytical grade reagents 

Bufired zrnc-EGTA complex, OOSM Prepare by mixing equivalent amounts of 0*2M zmc 
sulphate and 0.2M EGTA (by titration, with Zincon as mdrcator) and adding an equal volume of 
buffer solution. 

Ammomumfluonde, 1 OM Dissolve 18 52 g of ammomum fluoride (analytical grade) in distilled 
water and ddute to 500 ml 

B~tcon rndlcaror sohttron Dissolve 0 013 g of Zmcon (o-[2-(2-hydroxy-5-sulphophenylazo)- 
benzyhdene hydrazmo] benzotc acid) m 0 5 ml of 4N sodium hydroxide, dilute to 10 ml, and store m 
a refrigerator. The solution IS stable for approximately one week 

Procedure 

To 25-50 ml of the sample solution, contaunng 4-12 mg of calcium and O-15 mg of magnesium 
add 8 ml of the buffered zmc complex. Shake the solution and add 3 5 ml of 1 M fluoride solution. 
(The volume of fluoride solution needed can be found from Fig. 1 ) Add enough absolute alcohol to 
give a 25 % v/v solutron of it, and then 10 drops of mdicator About 2 mm after the addition of the 
fluoride, tttrate the solution wtth standard EGTA till the colour changes from blue to orange 

Standardrzatron of EGTA solution. To 25 00 ml of 0 OlM calcium solution, add 30 ml of water 
and 8 ml of the buffered zmc complex Shake the solution and add ethanol (to give 25 y< v/v) followed 
by 10 drops of Zmcon indicator Titrate with EGTA until the last trace of blue disappears and the 
solution becomes pale orange-yellow 

RESULTS AND DISCUSSION 

A representative selection of results obtained IS shown m Table I 

TABLE I. 

Calcium Difference, Mg Ca 
Taken, mg Found, mg YC ratio 

200 2 01 
4 01 4 10 
8 02 8.18 

1202 12 17 
4 01 400 
4 01 4 10 
4 01 4 03 
4 01 3 98 
4 01 3 94 
4 01 3 93 

$05 
t23 
+20 
+1*3 
-02 
t23 
+05 
-08 
-18 
-20 

1 1 
12 
I 4 
1 6 
1 10 
12 
1 1 
2.1 
51 

10.1 

Examination of interferences 

Some possibly interfermg ions were examined NO interference was found from 
Fe3f, Pb2+, POp3- and SOJ2- whereas Cu2+ (>0*5 ppm), Co?+ (> 1 ppm), and N12f 
(>2 ppm) mfluenced the end-point. Mn2+ (> 5 ppm) and AP+ (~3 ppm) also 
interfered. Although common masking agents, e g , CN-, cannot be used in this 
procedure, this is no disadvantage as the interfering elements are generally not present 
to this extent in natural waters. 

It is clear that the use of a maskmg agent for the magnesium improves the sharpness 
of the end-pomt and that the slow reaction of fluoride with calcium-EGTA does 
not cause any appreciable error provided the titration is carried out as recommended. 
The recoveries obtained (Table I) show that only at Mg: Ca ratios 2 5: 1 does the 
fluoride ion cause any noticeable error. 
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Zusammenfassung-Visuelle komplexomctrlsche Vorschrlften zur 
Tltratlon von Calcrum neben Magnc:,ul>l beruhten entweder auf 
Masklerung des Magneslums oder B&nitzung emer mdlrektcn Indlka- 
tlon, z B mlt dem !&stem Zn-EGTA-Lmcon In der voreesch- 
lagenen Vorschrlft ~erben dlese beldcn Verfahren kombm,erP~ -ZLI 
dem Gemlsch wlrd der Zn-EGTA-Komplex gegebel und das durch 
Calcium verdrangte Zmk nach Masklerung des Magneslums mlt 
Fluorld mlttels EGTA tltriert. 

R&urn&On a base des methodes complexomctrlqucs vlsuelles pour 
le tltrage du calclurn en prCsence de magneelum, solt sur la dlsslmulatlon 
du magdslum, solt sur I’emplol d’une technique mchrecte avec 
mdlcateur, par exemple le systtme Zn-EGTA-Zmcon Dans la 
mCthode proposee, c& deux -voles sont combmCes. On aJoute le 
complexe Zn-EGTA au melanee et le zmc hbtrk dans la rCactlon de 
remplacement par Ie ca1cnJm estYtltrC B I’EGTA aprbs que le magnCslum 
alt Ct& dlsslmule par I’lon fluorure. 
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ANION-EXCHANGE BEHAVIOUR OF THE PLATINUM 
METALS AND GOLD IN HYDROCHLORIC ACID- 

ORGANIC SOLVENT MEDIA 

J. KORKISCN* and H. KLAKL 
Analytical Institute, Umverstty of Vtenna IX, WIhringerstrasse 38, Austria 

(Recelced 7 AI~W 1967. Accepted 27 October 1967) 

Summa~-The amen-exchange characteristrcs of the platmum 
metals and gold III hydrochlortc acrd medra are descrmed. The 
drstrrbutton coefficrents of these elements were measured on the 
strongly baste amon-exchange resm Dowex 1 x 8 in mtxtures of 
hydrochlorrc actd wrth water and several organic solvents, i.e., 
dtmethylformamrde, acetone, tetrahydrofuran, droxan, methanol, 
acettc actd and pyrtdme. Based on these data the condtttons most 
suttable for quantttattve separation are indicated and drscussed. 

DUE to the fact that the platinum metals and gold readily form stable anionic chloride 
complexes most of these elements are strongly retained by strongly basic anion- 
exchange resins from pure aqueous hydrochloric acid media. The least strongly ad- 
sorbed platinum metals are the tervalent ions of iridium and rhodium. Consequently 
most methods so far reported for the anion-exchange separation of the platinum 
metals from one another are concerned with separations of iridium and/or rhodium 
from the rest of the platinum metals.1-9 

The strong adsorption of the anionic chloride complex of gold has also been 
employed for the anion-exchange separation of this element from a number of metal 
ions.rO-24 For the elution of the adsorbed gold, mixed aqueous-organic solvent 
solutions containing hydrochloric acid have been used.13 Except for this latter 
application no attempt has so far been made to investigate systematically the anion- 
exchange behaviour of gold and the platinum metals in hydrochloric acid-organic 
solvent media. In order to obtain a much more complete picture of the adsorption 
characteristics and separation possibilities of these elements in organic solvent media, 
the work presented in this paper was performed, using the most frequently employed 
anion-exchange resin Dowex 1 in mixtures of 7 organic solvents with hydrochloric 
acid. For this purpose the effect of increasing concentration of organic solvent and 
the effect of acidity on the adsorption of the platinum metals and gold were investi- 
gated by measuring the distribution coefficients in numerous mixtures of varying 
composition. From the distribution data thus obtained, the possibilities of separating 
the elements from one another are indicated and discussed. 

EXPERIMENTAL 

Rerqpc”:s 

ion-ex&ngc resin. The air-dried strongly basic amon-exchanger Dowex 1 x 8 (100-200 mesh, 
chloride form) was used for the column and batch experiments. 

Stmdard sofurhs. Weighed amounts of the chlorides of ammonium tetrachloroplatinate(II), 
hexachloroplatinic acid, palladium(B) chloride, ammonium hexachloropalladate(, ammonium 
hexachloro-osmate(IV), potassium hexachloroiridate(III), ammonium hexachloroiridate( 

+ Present address: Argonne National Laboratory, Chemistry Division, Bldg. 200. M121, 9700 
South Cass Avenue, Argonne, Illinois 60739 U.S.A. 
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TABLE I-DISTRIBUTION COEFWIENTS OF PLATINUM METAu AND GOLJJ ON 

DOWEX t IN PURE AQUEOUS lWDROCHU)RIC ACID SOLUllONS 

Metal ton 12 
Fmal HCI concn , M 

9 6 3 1.2 

WI) 
Pt(IV) 
W(H) 
W(W) 
Os(IV) 
Ir(III) 
Ir(IV) 
Ru(III) 
Ru(IV) 
Rh(III) 
Au(II1) 

480 
430 

32 
33 

1100 
19 

700 

:: 
1.6 

470 

710 
870 
50 

37; 
IS 

1500 
25 
25 

1.6 
I@ 

2800 
1900 
120 
80 

4800 

22’ 
90 
70 

35i7 

3600 
500 
350 

IO* 
7.7 

7000 
300 
420 

7 
IO’ 

IO” 

13g 
1600 

10‘ 
16 
10” 

650 
820 
20 
IO‘ 

TABLE II.-D~~TRIBv~oN COEFRCIENTS OF PLATINUM METALS AND GOLD 

ON DOWEX 1 IN DI~~~~E-~R~H~~C ACID MIXTURE.5 

Final HCI concn., iU, m the presence of 

Metal ion 

R(II) PWV) 
Pd(I1) 
Pd(Iv) 
Os(Iv) 
k(W) 
IrtIV) 
RUOII) 
Ru(IV) 
Rh(II1) 
Au(II1) 

9 (25) 

115 100 
II 

2:: 

Isi2 
17 
I.3 

42202 

dtmethylformamtde (% v/v) 
6 (50) 3 (75) 0.0 (100) 

60 30 40 ::: 
IS :: >1500 
15 23 <l 

120 26 1.0 
20 

5Y 23 ;*s 
11 1.1 0.3 
0.9 t2 

I.8 A:: 

9k8 7 0.7 

TABLE III.-DISTRIBUTION COEWICIEN~S OF PLATINUM METAU AND GOW ON 
DOW 1 IN ACETONE-HYDROCHLORIC ACXD MIXTURES 

~~ 
Fmal HCl concn , M, m the presence of acetone (% v/r) 

Metal ton 9 (25) 6 (50) 3 (75) 1.2 (90) 

PtfII) 250 >800 >700 >lOOQ 

Pt(IV) 200 >lOOO >2so >lSoO 
Pd(I1) 27 150 
Pd(IV) 26 2 150 z! 
Os(IV) >500 >750 Xi00 >lOOO 
Ir(II1) 3’ 30 >800 >lOOO 
Ir(IV) >5OOt >8OOt >7oOt >1OOOt 
Ru(II1) 90 ,700 >7OO >I300 
Ru(IV) 60 >800 >1800 >3oGO 
Rh(II1) 3 30 900 >lOOO 
Au(II1) 380 130 7 2 

l Partial oxrdation of trtdium to tts higher oxzdatron state occurs m this 
medium. 

t Partial reductton of irrdium to its lower oxtdatton state occurs m these 
media. 



hlcral 10n 
I-liial WY 201icn . M, in the prcscnce of Ictrali)'drofur,ili ( “,, ,,I) 

9 (25) 6 (50) 3 (:5) 1 2 (90) 
- .- -___ _.~~._. __.__ __. -__.-. 

Plfll) 930 : 500 400 1 OJ 
Pt(IV) 700 SO0 600 . IOJ 
Pd(ll) 30 60 120 250 
Pd(IV) 27 75 120 : 400 
OS(N) 1200 750 : 900 , 800 
Ir(ll1) 3* 30* 400 >lO’ 
II.(IV) so0 400 ;a400 : Go0 
RuUlI) 13OOi >500 :-500 6000 
Ru(IV) 1300t . 700 ; 1100 -8000 
Rh(llI) 4 ‘2 260 >600 
Au(W) 380 35 2 2 

* Partial oxcldatton of lrldlum to Its htgher ovldatlon state occurs in these media 
t In these media dlstrlbutlon coefficients of 60-70 were also measured. 

TABLE V-DISTRIBUTION COEFFICIEYTS OF PLATINUM METALS AND GOLD 

ON DouEx 1 1s DIOXAN-HYDROCHLORIC ACID MIXTURES 

Fmal HCI concn., kf, m the presence of dloxan (T; t/l>) 
Metal Ion 9 (25) 6 (50) 

Pt(I1) 390 250 
Pt(IV) 285 270 
Pd (II) 25 40 
Pd(IV) 20 30 
OS(N) 610 600 
Ir(IlI) 2’ 10’ 
Ir(IV) 2OOt 80t 
RU(IlI) 20 3 
Ru(IV) 19 3 
Rh(T1 I) 3 9 
Au(U) 310 ‘40 

l Parka1 oxldatlon of lrldlum to Its higher oxldatlon state occurs m 
these media 

t Partial reduction of lrldmm to its lower oxldatlon state occurs m 
these media. 

TABLE VI -DISTRIBUTION COEFFICIENTS OF PLATINUM METALS AND 

GOLD ON DOWEX 1 IN METHANOL-HYDROCHLORIC ACID MIXTuRES 

Metal ion 

Pt(I1) 
PUN) 
Pd(I1) 
Pd(IV) 
OS(W) 
Ir(II1) 
Ir(IV) 
Ru(II1) 
Ru(IV) 
Rh(III) 
Au(III) 

Final HCl concn., M, m the presence of 
methanol ( % z /I ) 

9 (25) 6 (50) 3 (75) 

330 >12DO >1500 
>300 >llOO >18 

37 130 500 
40 110 600 

900 :2000 ~6000 
3 15 430 

>640* 1600* >7000’ 
39 >900 r40OO 
4.5 >llOO :-5000 

25 18 300 
>I200 850 500 

* Partial reduction of lridlum to its lower oxtdatton state occurs 
m these media 
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TABLE VII.-DISTRIBUTION COEFFICIENTS OF PLATINUM METALS AND 
GOLD ON DOWEX 1 IN ACETIC ACID-HYDROCHLORIC ACID MIXTURES 

Metal Ion 

Fmal HCl concn., M, in the presence of 
acetlc acid (% c/u) 

9 (25) 6 (50) 3 (75) 

Pt(II) 
Pt(IV) 
Pd(II) 
Pd(IV) 
Os(IV) 
Ir(II1) 
Ir(IV) 
Ru(IlL) 
Ru(IV) 
Rh(II1) 
Au(II1) 

>2500 
>3ooo 

36 
34 

>2000 
2 

>1200* 
3’ 
43 

3 
>lP 

103 >8000 
103 >6000 
15 400 
75 500 

>2000 >SOOO 
14 200 

1500* >7ooo* 
>600 >3ooo 
>550 >6OOO 

17 210 
750 400 

* Partial reduction of lrldlum to Its lower oxldatlon state occurs 
in these media. 

TABLE VIII.--DISTRIBUTION COEFFICIEN-B OF PLATINUM METALS AND 

GOLD ON DOWEX 1 IN PYRIDINE-HYDROCHLORIC ACU) MXTURES 

Metal Ion 

Fmal HCl concn., M, m the presence of 
pyrldme (% c/u) 

9 (25) 6 (50) 3 (75) 

Pt(I1) 35 2 1 
Pt(IV) 32 1 1 
Pd(I1) 11 1 1 
Pd(IV) 9 rt 5 <2 
OS(W) 50 40 5 
Ir(II1) 1 1 <l 
Ir(IV) 1 1 <1* 
Ru(II1) 4 25 2 
Ru(IV) 2 1 1 
Rh(II1) 1 1 1 
Au(III) >1oot >50t <l 

* Partial reduction of irldlum to Its lower oxldatlon state occurs 
in this medium 

t Gold IS virtually Insoluble m these media. 

ruthemum(II1) chloride hydrate, ammonium hexachlororuthenate(lV), ammomum hexachloro- 
rhodate(III) and tetrachloroaurlc acid were dissolved In 12M hydrochloric acid to give solutions 
contammg not less than 0 5 mg of element/ml 

Soluents. The reagent-grade pure orgamc solvents used were dmethylformamlde, acetone, 
tetrahydrofuran, dloxan, methanol, acetic acid and pyrldme. 

Determmation of dutnbutlon coejiclents 

Most of the lstrlbutlon coefficients of the platmum metals and gold were determmed by the 
column method*s, 1 g of air-dried resm bemg used m each case. Other dlstrlbutlon data were obtamed 
by the batch method.xa 

For the detectlon and determmatlon of the platmum metals and gold, sultable colour-formmg 
reagents have been used.27 

RESULTS AND DISCUSSION 

In Tables I-VIII are shown the distribution coefficients of the platinum metals 
and gold in the various media that have been investigated. Although the adsorption 
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TABLE ix---SEPAR4TIOY I-ACTORS OF PLAT1L.I XX MTTIL5 AND GOLD Oh DOWEX 1 
IN HYDROC’~i~~RIC AC 11) -C)LVI 1’3XS 

---- -----I_ ____--~.-- 

M&al IOII pw, ~.~:x,llJon l-actors 
___-_ ______- - - 

Ft;IJ, Pd:lJ) 

P&l\ j- l’diI1) 

Pt(lI)-Pd(IV) 

Pt(I\)-Pd(lV) 

Pt(Il~-Os(IV~ 
Pt(IV)-OstJV) 
Pt(II)-lrflll) 

Pt(IV)-IrUIJ) 

Pt(JI)-Ru(III) 

Pt(IV)-Ru(Il1) 

Pt(II)-RujlV) 
Pt(:\?-Ru(lV) 
Pt(II)-Rh(llIJ 

PNIV)-Rh(III) 

Pt(II)-~LI~JII) 
Pt(IV)-Au(JI1) 
Pd:II)-Os(IV) 

Pd(I\‘!-Os(IV) 

Pd(II) -Ir(III) 

Pd(IV)-Ir(lIl) 

Pd(II)-Ir(IV) 

Pd(IVklr(IV) 

PdCII)-Ru(III) 
Pd(IV)-Ru(IiI) 
Pd(II)-Ru(IV) 
PdUV)-RuUV) 
Pd(Il)-RhUII) 

PdCIV)-Rh(IIJb 

Pd(JI)-Au(IIJ) 

Pd(IV)-Au(II1) 

Os(IVj-Ir(II1) 

OS(w)-IrlIV) 

IG(\\ ). lS(Wj, 12(Dbli-), _ IW)~DblF), 9(A), c 19(A), >3O(THF), i(D), 
JQJ)), 9thi1, >7O\AX) 
il(\Y). li(u’), IO(DMb), _ lOOO(DMF), 7(A), , 23(A), 23(THF), 7(D), 
I?(D). . S(M). --Sj(4A) 
13(W), 15(W), 12:DMF). JOcA), : 19(A), 36(THF). 20(D), ND), 8(M), 
?3( 4A). 
13(W), 16(W), IO(Dhlr), S(A), : 23(A), : 2S(THI‘), 9(D), 15(D), 8(M), 
Sh(4) 
30(P) 
20(P) 
250(W), 370(W), IXO~W), 1200(W), IOOOCW), 95(DMF), 4l(DMF), 
l?fI>MF), 83/A,. 3 28(A), 3- 3O(TIJF), IStTHF), 180(D), 23(D), 110(M), 
__ SO(M), > IZScj(AA), 75CA.4). 35(P). 
,“201\t), 580(W), 13OOfW). 900(W). l@OOCW), 83(DMF), 30(DMFJ, 
SID~JF), 67(A). > 33(A), ,_ 23(THF), 170(THF), 130(D), 25(D), > 100(M), 
_ :41X1), _ ISUO(AA). %(AA), 3OlP) 
‘!-J(v\ ), 28(W), 68(l?Mk :, 55(DMF), 27tDMr). 19(D), S3(D), 8 5(M), 
SO(A4 t 
39(R’). 35(W), 59(DMF), 36fDMF). IS(DMF), 15(D), 90(D), 8(M), 
90’ %A) 
37(W), 18(W), 77(DMF), 67(DMF), :0(D), SXD). 7(hI), >6O(AA) 
29th). 35(W), SP(DhfF), 44tDMF), 15(D), 90(D), ;-7(M), >70tAA) 
300W J 440(W), lOOOiW), 730(W), 1000(W), XCDMF), 32(DMF), 
IEcnkIJ j. 83(A), : 33(A), >2?2(THF), 20(THF), 130(D), 28(D), 130(M), 
33(M), ‘30(AA), 6O(AA), 35(P) 
27O(Vv ), 54OiWl. 7OO(N’), 530(W), 1000(W), 45(DMTJ, 23(DMF), 67(A), 
:- 331 A), 2175(THF) 23(THF), 100(D), 30(D), ; 120(M), 40(M1 

lW’UA4), 6NAA), 3’f Pj 
_ !!10;4). Y %OCA), l!(THFj, ;- ZOO(THF), : 5ONTHF), =-25(P). 
X(h), 3> :30(A), I-;:THF), --300(THF), :- SOOCTH I:), >25(Pj 
.i’(k 1, Got\\‘). 2! (SMF). SCDMF), >15001DMJ’), ‘-18(A), > 17(A) 
40\7HF), 24(D), 15\D), :,24(M), ‘>55(A4), 5tP). 40(P) 
33i\V), <~(WJ, :l(J)MF), 7(DMF), :-18(A), ; 17(A), 44(THF), 32(D), 
20(D). z Zt(>fb, :-59144) 5(P), -,26(P). 
161\%.‘,: ?!cWr, 5X%‘), 66(W). 84(W), 9(DMF), ll(DMF), z 15OO(DhIF), 
3,A) J(‘,YrlF), 3(D), IZfM), 9thI). 18(AA), 5(AA) 
l-(111. j;C\\) 35(‘W.X(\\‘), 105(M’J,9(DMFJ, lO(DMF), ll(DMF),g(A), 
9,;‘HF). 7(M). l?tTcli, 5(A4), 17CAA) 
XWI 301\\ ), lj(DMF), >30OO(DMF), :. 18(A), 17(THF), 8(D), 
,>17(h!,, . X(&4). 5(P) 
21(W), 3-/(W). JSfDMF), .--19(A), :-18(A), 19(TJ_II=), IO(D), ;16(M), 
._ 35th 4) 6(P). 
6CDMF), 14[DMF), 16(Dhft), --5OOO(DMF), : 16(A) 
6fDhiIF). 13(DMF), ?l(DMF). =16(A). 
: 9fDMF). > IXOCDMF), lS(4) 
. 1 l(D\fF), 18(A) 
191Y ), 31!Wj, 44(W), ?5(W), 65(W), 5(DMF), 8(DMF), lO(DMF), 
: 2100(DMFj, 9i4), 7(THF), S(D), 15(M), 7(M). 12(AA), 4(AA), 10(P) 
11 f\q 33(W), 30(W), 51&V) SO(W), SCDMF), 8\DMF), 13(DMF), 9(A); 
7tTHF). 6(D). 16,&l). 4Ch,l,. II( 4CAA1. 9(P) 
J4CWj ‘2OCW;. 3S(DMF), G(DMF), >~lOO(l%iF$, 35(A). 200(A), 60(THF), 
12% THl-1, I?(D), h(D), ;- J\(M), r28(A), 10(P), ; 50(P) 
14(\i), lS:W), 3S(DMF), GCDMI-;. 25(A), 300(A), 60(THF), >?OO(THF), 
16(D), S(D), ,--29(M). > Bl(AA), 11(P), > 33(P) 
580(H’), 2500(\\). 2100(kb). >lOOO(W), 1000(W). 190(DMF), 90(DMF,, 
13CDMF). 3 17(A), - ‘5(A). 4OO(THF), 25(THF), 280(D), 54(D), 
3 300tMi = 13@(M), 3= t(‘OO(AAj, > 160(AA), 48(P), 40(P) 
39flY 
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TABLE Ix. (Cont.) 

J KOKKISCH and H KLAKL 

Metal Ion pairs Separation factors 

OS(N)-Ru(II1) 

OS(N)-Ru(IV) 

Os(IV)-Rh(II1) 

OS(N)-Au(II1) 
Ir(III)-Ru(II1) 

Ir(III)-Ru(I\‘) 

Ir(III)-Au(II1) 

Ir(IV)-Ru(II1) 

Ir(IV)-Ru(IV) 

Ir(IV)-Rh(II1) 

Ir(IV)-Au(II[) 
Ru(III)-Rh(III) 

Ru(IV)-Rh(II1) 

Ru(III)-Au(II1) 

Ru(IV)-Au(II1) 

Rh(III)-Au(II1) 

100(W), 150(W), 140(DMF), lIO(DMF), ‘4(DMF), 30(D), 200(D), 
>23(M), >62(AA) 
73(W), 150(W), 170(DMF), 14O(DMF), >l?(DMF), 32(D), ZOO(D), 
>20(M), >46(AA), 24(P), 40(P) 
690(W), 2300(W), 1800(W), 1000(W), >lOOO(W), lOO(DMF), 70(DMF), 
14(DMF), >17O(A), i29(A), 300tTHF). 34(THF), 200(D), 70(D). 36(M), 
71(M), 670(AA), 130(AA), 48(P), 40(P) 
87(A), -,500(A). 21(THF), >45O(THF), /4OO(THF) 
6(W), 17(W), 39(W), S?(W), 23(A), 17(THF), 13(M), 60(M), 16(AA), 
43CAA) 
8(W), 17(W), 30(W), 51(W), 37(W), .-27(A), -23(THF), 15(M), ,77(M), 
?l(AA), >43(AA) 
250(W), 670(W), 1500(W), 1000(W), >lOOO(W), 35O(DMF), 64(DMF), 
130(A), 4 3(A), 110(A), >5OO(A), 130(THF), >‘OO(THF), zSOO(THF), 
130(D), 22(D), 380(M), 57(M), : 500(AA), 5JL4A). > 100(P), >5O(P) 
65(W), 60(W), 94(DMF), 45(DMF), ?l(DMF), 10(D), 27(D). >16CM), 
37(AA), 14(P) 
47(W), 60(W), l?O(DMF), s-Il(DMF), 10(D), 27(D), 14(M), ,‘8(AA), 
28(P) 
430(W), 940(W), 960(W), 1000(W), 1000(W), 73\DMF), 28(DMF), 
13(DMF), >170(4), >27(A), lX(THF), >18CTHF), 67(D), 9(D), 
126(M), 57(M), ;4OO(AA), 90(AA), 57(P). 
> 100(A), ‘500(A), bll(THF), >2OO(THF), > 3OO(THF), : 50(P) 
7(W), 16(W), 33(W), 46(W), 32(W), :-23(4), : 20(THF), ;23(THF), 
7(D), 16(M). ‘.- ,2(M), 43(AA), >35(4A) 
9(W), 16(W), 26(W), 60(W), 41(W), 20(A), 27(A), ?O(THF), 
>32(THF), 6(D), 18(M), > 41(M), 53(AA), : 32(AA, 
43(W), 40(W), ?SO(DMF), 83(DMF), :-100(A), ;650CA), > 14(THF), 
>250(THF), 3000(THF), 15(D), 80(D). 31(M). :-31(,44), _ 25(P) 
31(W), 40(W), 3’0CDMF), IOOcDMF), r 260( 4). _ 1500(A), _-ZO(THF), 
>7OO(THF), >- JOOO(THF), 16(D), 80(D), 37(M), : 23(AA), ;.5O(P). 
290(W), 625(W), 1300(W), /~lOOO(W), 1000(W), l’)OCDMF), 50(DMF), 
130(A), 4 3(A), ;-500(A), 95(THF), 130(1HF). : 300(THF). 100(D), 
27(D), >150(M), 17(M), , 125(AA), 21(A4), 21(AA), ilOO( :50(P). 

W = water, DMF = dlmethylformam~de, A -- acetone, THF =- tecrahgdrofuran, D = 
choxan, M = methanol, AA - acetlc acid, P = p)ridme 

of these elements on strongly basic amon-exchange resms from pure aqueous hjdro- 
chlorlc acid solutions has previously been described bq several 1i1\estlgators,3’-“‘*-31 
the adsorption values are recorded m Table I so that thege data can readily be com- 
pared with those m Tables II-VIII The datnbutlon coelliclents of the platinum 
metals recorded m Table I are m good agreement with those that have been measured 
earlier. In the case of the adsorption of gold, howevel, all values are lower by about 
one order of magnitude at high hydrochloric acid concentrations 

In order to avoid a rather lengthy dlscusslon of the separation posslbJltles of the 
platinum metals and gold m the various media listed m Tables I-VIII, numerous 
experimentally determined separation factors of many pairs of metal ions m these 
mixtures are recorded in Table IX From these results It is seen that m the mlxed 

aqueous-organic solvent systems higher separation factors are found and hence better 
separation possibilities exist than m pure aqueous hydrochloric acid systems The 

separation factor of any given pair of ions IS the ratio of the dlstrlbutlon coefficients 
of the two elements as measured under ldentlcal experimental condlllons. 

Difficulties m determining the separation factors have been encountered m all 
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those systems containing iridium, which when present in the tervalent state is partly 
oxidized to the quadrivalent form which shows different adsorption characteristics. 
The same is true when iridium(IV) is present; this is partly reduced to the tervaient 
state. Therefore separations involving this element cannot readily be carried out. 

Separations that cannot be performed by the application of pure aqueous hydro- 
chloric acid systems include those of Pt(II)-Os(IV), Pt(IV)-Os(IV), Pt(II)-Au(III), 
Pt(IV)-Au(III), Pd(I1 jRu(III), Pd(II)-Ru(IV), Pd(IV)-Ru(IV), Os(IV)-Ir(IV), 
Os(IV~Au(II1) and Ir(IV~Au(II1). These separations can, however, effectively be 
carried out in the presence of organic solvents (see Table IX). This once more 
illustrates the usefulness of organic solvents for ion-exchange separations of metal 
ions. In the case of separations involving the elution of gold with acetone or tetra- 
hydrofuran each containing hydrochloric acid, the combined ion-exchange-solvent 
extraction (CIESE) principle described earlier32 makes these separations possible. 

1. 
2. 
3 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16 
17. 
18. 

;:: 

A. G. Marks and F. E. Beamlsh, Anal. Chem., 1958,30,1464. 
W. M. MacNevin and W. R. Crummett, tbrd., 1953,25,1628; Anal. Chtm. Acta, 1954, IO, 323. 
S S. Berman and W. A. E McBryde, Can. J. Chem , 1958,36,835. 
Zdem, rbid., 1958,36,8JS. 
M. L. Cluett, S. S. Berman and W. A. E. McBryde, Analalyst, 1955,80,204. 
D. S. Busch, J. M. Prosper0 and K. A. Naumann, Anal Chem., 1959,31,884. 
Coufalik, F., and M. Svach, 2. Anal. C/tern., 1960,173, 113. 
E. Blasms and U. Wachtel, 2. Anal. Chem., 1954,142,341. 
E. Blasius and D. Rexin. IbId.. 1961.179. 105. 
A. B. Davankov and V. ‘M. L&fer, iaoo>sk. Lab., 1956,22,294. 
Idem, Zk. Prtkl. Khim., 1956,32,788. 
S. Sussman, F. C. Nachod and W. Wood, Ind. Erg. Chem., 1945,37,618. 
A B. Davankov and V. M. Laufer, Zh. Pnkl. Khlm., 1959,32,727. 
M. V. Darbmyan and E. E. Kapantsyan, Int. Akad, Nauk Arm. SSR, Khim. Nauki, 1965.18,18. 
S. Hirano, A. Mizuike and K. Yamada, J. Chem. Sot. Japan, Ind. Chem Sect , 1959, 62, 1494, 
S. Htrano, A. Mizuike and Y. hda, Japan Amlyst, 1960,9,423. 
D. H. Wdkms and L. E. Htbbs, Anaf. Chim. Acta, 1959,20,273. 
A. C. Pappas, J. Alstad and G. Lunde, Radjochjm. Acta, 1963.1, 109. 
D. Brune, K. Sam&l and P. 0. Wester, Afompraxs, 1963,9,368. 
D. Brune, K. Samsahl and I?. 0 Wester, Aktreboiaget Atommergl AE-134, Stockholm, Sweden, 
1964. 

21. 
22. 

P. 0. Wester, D. Brune and K. Samsahl, Intern. J. Appl. Radiation Isotopes, 1964, IS, 59. 
R. R Brooks, Analyst, 1960,85,745. 

23. 3. 0, Da Silva Fdho, A. Abriio and F. W. Lima, Rep. Inst. Energia Atom., Brad, IEA-98,196s. 

Zu~mmenfas~ng-Das Anionenaustau~hverilalten der P~atlnmetalle 
und Gold m salzsauren Medken wlrd beschrleben. Die Vertedungs- 
koeffizlenten dleser Elemente wurden an dem stark bastschen Amonen- 
austauschharz Dowex 1 x 8 m Gemlschen von Salzsaure mlt Wasser 
und mehreren orgamschen Losungsmltteln wte Dlmethylformamld, 
Aceton, Tetrah drofuran, D~oxan, Methanol, Esslgsaure und Pyrldm 
gemessen. Au i! Grund dleser Daten werden die zur quantltatlven 
Trennung am besten geelgneten ~dIngungen angegcben und diskutlert. 

R&urn&On d&It, du pomt de vue echange aniontque, les caract&- 
lstlques des m&aux du groupe du platme et de l’or, en milieu aclde 
chlorhydrlque. Les coefficients de partagc de ces elements ont et6 
mesurCs sur la r&me &hangeuse d’amons fortemcnt baslque Dowex 
1 x 8 dam des mtlanges d’aclde chlorhydrlque avec I’eau et plusteurs 
solvants organrques, c’est-&-dire dIm~thyIformam~de, acetone, t&a- 
hydrofuran, dloxane, methanol, aclde ac&que et pyndme. En se 
basant sur ces don&es, on mdlque les condmons convenant le mieux 
B la separation quantltatlve et en dlscute. 
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SHORT COMMUNICATIONS 

Ar~entomcfri~ couIome~ric titration of thioacetamide 

(Rwer~vd 18 Scptrmbrf 1967. Accrptrd 10 October 1967) 

RECENTLY ampcrometrrc tttrations of srlver’ and of cop~cr(I)~ wrth throacctamrde (TAA) have been 
mvestrgated as methods for the detcrmmatron of TAA. Other methods for determmmg TAA 
mclude its potentrometrtc trtratton of sdver, s Its trtratron wrth chlorammc-T,* and Its ittratron wrth 
rodate 5 The purpose of our tnvcstrgation was to cxamme the coulometrrc trtratron of TAA wrth 
eiectrogenerat~d sdver. The method was tested IR a solutron contalnlng both ammonia and sodium 
hydroxrde because the reaction of silver v.rth TAA IS reported to be raped and quantltatlve m this 
medrum Is9 A potentrometrrc end-pour? was used smce rt had been successfully used m the volumetrrc 
titrattons 

EXPERIMENTAL 

Apparatus 
The coulometnc cell contamed a sdver foil generatrng electrode (6 cm’ area), a platmum Nut: 

auxrhary electrode separated from the ntratron solutton by a tube with a smtered glass disc, a sdver- 
stlver sulphtde mdrcator electrode, a saturated calomei reference electrode (SCE) and tubmg for 
purgmg the trtratron solution wtth mtrogen The Indicator efectrode Has prepared by soakmg a 
commercral-type srlver electrode m 20% sodrum sulphrde solutton 
several “dummy” trtratrons of TAA ahquots. 

It was further precondmoned by 
The current v.as supphed by a Model 1V Sargent 

Coulometnc Current Source and potentral measurements were made wrth a Cornmg Model 7 pH 
Meter. 

Reagents 
Ail soiuttons were prepared from reagent grade chemrcals. The TAA solutrons were standardized 

by the method of Bush, Zuehlke, and Ballard L 

PI ocedur e 

Frfty ml of solutron, 0*1&f m both sodium hydroxide and ammonia, were purged with mtrogen 
for 15 mm in the couiometrrc cell. The silver generating electrode was pretreated by dtppmg rt m 
concentrated mtrtc acid and then nnsmg rt well m datdled water. An ahquot of TAA solutton 
contammg between 0 2 and 3 mg of TAA was added to the cell and the trtratron was performed with 
a current of either 9 05 or 19.3 mA. Nitrogen purgmg was contmued during the titration The 
potential of the indicator electrode was recorded as a function of mrcroequivalents added and a 
potentral of approx -0.3 V vs. SCE was taken as the end-point. 

RESULTS AND DISCUSSION 

SIX deter~na~ons were made on tdenttcal alrquots contalnlng 1 878 mg of TAA, wnh an average 
result of I.870 mg and a standard devtahon of 0 0051 mg. Results of analyses of a number of samples, 

TABLE I.-RESULTSOFCOULOMETRICTITRATION 

TAA, mg 
Taken Found 

0 I88 0186 
0 435 0431 
0 869 0864 
1 391 1 380 
1 756 1 751 
2 174 2164 
2608 2606 

347 

Dtfference, 

mR 

-0 002 
-0004 
-0 005 
-0011 
-0 005 
-0 010 
-0 002 
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given in Table I, indicate an accuracy comparable to that reported for the amperometric methods L* 
A consistent negative error which appears independent of sample size was noted 

A typical titration curve IS shown in Fig 1. The potential readings before the equivalence point 
varied somewhat with the pretreatment given the indicator electrode. The curve shown was obtained 
after several titrations with the same indicator electrode. 

A number of factors which affect the titration were investigated It was found that the cleaning 
of the silver generating electrode was quite important Although at the end of one titration the elec- 
trode surface appears metallic and free from silver sulphide, if used again without cleaning it rapidly 
blackens and high results are obtained This indicated that traces of silver sulphide on the electrode 
cause further surface precipitation, and when the surface is completely coated, oxidation of silver 
sulphide possibly occurs Prior cleaning with nitric acid was found effective in preventing this 
blackening during the titration 

FIG. l.-Coulometric titration curve for 0 0250 mmole of TAA in 50 ml of O.lM 
NH,/0 1M NaOH 

The potential of the indicator electrode was found to drift slowly near the equivalence point and 
several minutes were required to obtain steady readings 
of sulphide under the same conditions 

A similar effect was reported@ in the titration 
More rapid stirring and shaking of the electrode had no 

apparent effect on the time required to obtam steady readings. 
The presence of traces of oxygen was found to produce low results In one experiment the TAA 

was allowed to stand for 30 min in the alkaline solution with no nitrogen purge prior to titration. 
The titration result was low by 147; On repeating the experiment with% n~ro~en-purge during the 
30 mm, the titration result was within the accuracv indicated in Table 1. This indicates that the air 
oxidation of TAA occurs rapidly in alkaiine solution 

On varying the sample size above a few mg it was found that the silver generating electrode 
darkened during the titration and high results were obtained It appeared that the electrode was 
becoming coated with silver sulphide and that a possible side-reaction was the oxidation of silver 
sulphide. This problem was not encountered with samples of less than 3 mg. 

The effect of increasing the ammonia concentration was tested. Accurate results were obtained 
although the size of the potential break decreased Increasing the sodium hydroxide concentration 
had the effect of accelerating the air oxidation of TAA 

Deparfment of Chemutry 
Western Washington State Collge 
Bellwgham, Washmgton, US A 

D M. KING 
W S EATON 
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Summary-The coulometrtc determinatton of thtoacetamidc (TAA) 
with electrogenerated stlver 1s descrtbed. The tttratton 1s done m a 
solutton @lM m both ammoma and sodtum hydroxide, and the end- 
pomt IS detected potenttometrrcally with a silver-silver sulphtde 
electrode. On repeat analyses of approx. 2-mg samples of TAA an 
average error of -0 4% (relative standard devtatton 0.25 %) was 
obtained. Important steps m the procedure mclude cleanmg the silver 
generating electrode m nnctc acid before each titration, purging well 
with nitrogen to remove oxygen, and not usmg too large a sample. 

Zusammenfassung-Die coulometrtsche Besttmmung von Thioacetamrd 
(TAA) mtt elektrtsch erzeugtem Stlber wud beschrteben. Dte Tttratton 
wtrd m emer Losungausgefuhrt, dte 0,l M an Ammomak und Natrmm- 
hydroxtd tst, der Endpunkt potenttometrtsch mtt emer Stlber-Stlber- 
sulfidelektrode ermtttelt. Bet wiederholten Analysen an Proben von 
etwa 2 mg TAA wurde em mtttlerer Fehler von -0,4x (relattve 
Standardabwetchung 0,25 %) erhalten. Wtchttge Merkmale der 
Vorschrtft smd : Reuugen der Elektrode zur Sdbererxeugung in 
Salpetersaure vor jeder Titration, gutes Spdlen mit Strkstoff, urn 
Sauerstoff zu entfernen, mcht zu gro8e Proben. 

RCsum&Gn d&it le dosage coulometrrque du thtoacetamtde (TAA) 
par I’argent produtt electrtquement. Le tttrage est effect& dans une 
solutton 0,lN en ammoniaque et en soude, et le point de fin de dosage 
est d&elk potenttometrtquement par une electrode argent-sulfure 
d’argent. Par des analyses rep&es d%chanttllons d’envrron 2 mg de 
TAA, on a obtenu une erreur moyenne de -0,4% (&art type relattf 
0,25x). Les points importants de la technique comprennent le 
nettoyage de I’tlectrode productrice d’argent dans I’acide nitnque 
avant chaque tttrage, la bonne purge a l’azote pour thmmer I’oxyg&ne 
et l’emplot d’echantdlons pas trop tmportants. 

REFERENCES 
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Oxidation of some sugars with copper(II1) 

(Recewed 1 April 1967. Revised 30 August 1967. Accepted 20 October 1967) 

COPPER was first reported m 1844 and its history up to 1925 has been revrewed by Votis.’ Votis,’ 
Malaprade’ and Malatesta’ have established beyond doubt that copper(B) may be oxidized by 
potassium persulphate to copper(III) which 1s stabthzed by co-ordination with a suitable anion such 
as periodate or tellurate. 

The first use of copper(III) as an oxidant in tttrimetry appears to be due to Beck, who used it for 
the trtrtmetric determmatron of some reducing sugars, *e6 glycerol,6 ammo-acids’ and proteins.’ He 
also deduced the constitution of proteins from characterisuc curves obtained by dtfferential titratton 
of proteins with copper(II1) solutton.* 

The direct tttrimetric method at room temperature as recommended by Beck suffers from serious 
limitattons. The end-point was indicated by the appearance of a transient green colour stable for 30 
sec. He used glucose as a primary standard Durmg the present work it was observed that the 
appearance of the transient green colour IS not a true indtcatton of the end-point. Keyworth and 
Stone’0 also found Beck’s method for detection of the end-pomt to be unsuitable and hence adopted 
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avant chaque tttrage, la bonne purge a l’azote pour thmmer I’oxyg&ne 
et l’emplot d’echantdlons pas trop tmportants. 
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Oxidation of some sugars with copper(II1) 

(Recewed 1 April 1967. Revised 30 August 1967. Accepted 20 October 1967) 

COPPER was first reported m 1844 and its history up to 1925 has been revrewed by Votis.’ Votis,’ 
Malaprade’ and Malatesta’ have established beyond doubt that copper(B) may be oxidized by 
potassium persulphate to copper(III) which 1s stabthzed by co-ordination with a suitable anion such 
as periodate or tellurate. 

The first use of copper(III) as an oxidant in tttrimetry appears to be due to Beck, who used it for 
the trtrtmetric determmatron of some reducing sugars, *e6 glycerol,6 ammo-acids’ and proteins.’ He 
also deduced the constitution of proteins from characterisuc curves obtained by dtfferential titratton 
of proteins with copper(II1) solutton.* 

The direct tttrimetric method at room temperature as recommended by Beck suffers from serious 
limitattons. The end-point was indicated by the appearance of a transient green colour stable for 30 
sec. He used glucose as a primary standard Durmg the present work it was observed that the 
appearance of the transient green colour IS not a true indtcatton of the end-point. Keyworth and 
Stone’0 also found Beck’s method for detection of the end-pomt to be unsuitable and hence adopted 



350 Short commumcatlon~ 

the potentlometrlc dead-stop end-pomt detectlon mct!,ud hilurcu\cr, i’,ccb L\SI mrA tl:de s ‘4 1,~ a- 
lents of oxidant are requu-cd per mole of glucose, wherea \\e shn:,. m In!> ij~p~r ,n..: 25 ~1.~ I -1‘ 1. 
equlbalents may be needed, dependm, ‘1 on the e\permiental cvndItIcn< 

In the present work the oxldatlon of some sugars has been l1l,:!ertahcn :nd %. . 1.~ I I c’ ‘-~a 1 I 1) 
as an ovdant studied m dctall 

Reagents 

EXPERIMEhTAL 

All reagents used acre of anal) tIcal grade. 
Ptepmarrotz ofcopper ~oirttw~~ 

copper(M) m the presence of stablhzln 
JenSo\sk,” and Beth? u,cd po I,.~L:‘: F:rLu ~,TL*C LY ~~\S?~ _ 

solution for about f hr 
g lonb. and remo\ea the c\iz\s of ~0 ,u plia2c J\r i oi’mg tl-,c 

As ue hale used the lodomctrlc mc:i:od tor L~L anaiy\ls. the c.,m+L 
removal of unused peisulphate I& \er! Important To this end w ha\e aiiupted the folloI\\.ng prc-‘- 
cedure for the preparation of potassium d~telluratocupratecII1) (KJHIIC~(TcO,,),]) solrltlon Coppc’r 
sulphate (1 561 g), potassmm tellurlte (3 173 g), potassulm persuiphatc (4 220 g) dnd ~XZIWUI~ 

hydroxide (8 0 g) arc treated with ca 89 ml of Mater The order of dddltisn is not Important T;,: 
mixture IS shaken thoroughly and then heated on a hot-plate In about 20 mm the bolhng n:l\ttuc 
becomes Intensely red and the bolhng IS contmued for 15 mm more for complcLlon of the lerlcuull 
The mixture IS then cooled and filtered (porosity 4 smtered-glasb crucible) and the solutlcn t\ LI,~~JIJ 

to 100 ml. 
The persulphate used 1s lust sufficient to oxId;Zc the coppcr(I1) and tellllrltc to coppc, !iII, and 

tellurate and IS therefore completely removed durmg bodmg If an ewcss OI persc!pnate IS used 
bollmg for a longer time IS necessary for Its complete decomposmun The absence of persuiphJte IP, 
the prepared solution can be ascertamcd by acldlfymg about I ml of the soluuon R lth dilute sulphurlc 
acid till the red colour 1s completely discharged and copper(II1) comerted mtc, copper( adding 5 

ml of 0 5Msodlum bicarbonate and 2 ml of 5 :‘, pota?smm Iodide solution, lcttmg t:and for 2 IW~ an’1 
then adding a httle starch solution A blue wlour Indicates the presence of pcrsulphnte 

It was found that the final ConLentratlon of copper(II1). 0 03$1, IS mo!c CC 10s the >nn:c pro\ ldcd 

the potaswm persulphate IS added m theoretlLn1 amount or oniv m shght C‘\WSS 1% lth the dwount 
ofcopper taken the copper(N) solution should ha\e been 0 065\1 
due to the preclpltatwn of a copper compound durln:, 

The d~\zrgence nnpesrs to be 
G ho~l:af The tmal zoncentrat1on 01 rota>sIum 

hydroxide m the prepared solution IS ctz 0 :,\i, this IS essential Luaux orptri III) I> atabii cnli In 
highly alkaline medli!m The solution thus obtamed 1‘1 farlj b:dbte axi tl ‘2 u~wentrauon ic’Y0llil5 

practically unaltered for several monthc 
The use of potassumi dlperl~,dltoLtlprate(!Il) Ed> prti’uLl b!, +, LL ~,se cl 2n lodomerric ?licLI:oti 

for back-tltratmg the unconsumed ~d:um arsemtc solution Llc.led\cr, ti,e pcrloclate m@t L( l:pcte 
with the copper(M) as o\ldant 

PI ocedrre 

To standardize the coppcr(III) sulut~on. treat 5 ml ot I: \\ltl: 5 #,11 01 1’ t~?.!f drr:nt:c i~ #tit :I 
(standardized against IO&I~C wlut1on) Let the nii\turc 5tanLI tc:r i---1 ,11,1’ .i,,u t!i+:r, xidiC; :I / ii,, , 1 

0 Sic1 sulphurlc acid till the pen \uspc~~r~on d~~,~pp.us, Lc\ulrli;g I,: 2 c‘lcdr \oitrtlc 1 s 11~1 ,Y 
acidic Add 5 ml of 0 5.11 sodium bicarbonate. and b,lck-titrate ‘hc .I 11 LG d .~r~snltc yrlth ,r~:&,,l 
Iodine solution (0 Ol,V), using starch as lnJlcUtor Run d bhk 1 ~c‘ Uc ili’lc ,111 )‘1 i\l:i: ‘rli!rilllili Jt_icl 

IS necessary because if potassium hqdrouldc m the Inl\turc I~ rcl[ c~)~npl,l~!’ ric’ltl311,i,i .’ ,‘.c / I 
the Iodine added during the tltratwn w1l1 be con~unmi b) II ‘\,‘,litlon \,I c. t_\ ot b,, XL- nate I, 

Important masmuch as It helps mst.mt~mcouS ouldatmn ot tl\c‘ .II ~_I(~Lc ~1111 ii &I,Z and Iti j-,ecnc,: 

also prohibits the hberatlon of ~odmc lx coppc,(II) from the ~(,ci~cic I illt: Ia illnc ~olulll.~l 
For estlmatlon of sugars, add an ahquot (VX Table I) tu x: LLLC\ ($1 il ~~f~ttlll) sulutic P, hc~t 

the mlvturc on a hot-plate where ncccssary for complete u\lt!atlun, and citt~riiii~:e :bc unwn L.~nt~; 

copper(N) by the method abole 
The excess of Cu(III) was determlned after the c[>ppcr(lII)-,ug,ir I~I~\~uI. ‘!:.I $L. I Ltcod iui _f ,nlr, 

Ch) stood for 15 mm, (c) been bollcd and cooled 

DISCUFSION 

From Table I It IS clear that the .u~irg are oxicilzcd to c,!rhlln ii:~\ld~ ~-ICI \i.L\,r b\ lic’~t~nd ,~.I:I 
an excess of coppcr(III) solution Arnbmose and \ylose, ulIo_h ,lre pLnto,c. ~cqr~i*e >U cq,u\aimt\ 

per mole; the hevoses glucose, fructose. mannosc and gal~to~~ con~unIc 21 L4u1\al;nt, sucro~ 
requires 48. They have been estmintcd on this bn\lc The con\ll,lipl tcbn ot ‘CII col~pcr(IIl) at rooni 
temperature bv these sugars lndlcatcs that their owd~t~on ‘it ~~~~~III.I~~ ccr.>pcrd:tue I> mcomplere 
Beck’ standardized copper(lII) agamct glucose at room tenlpcrntcuc, L1\siln-~n; lii~ consamption ot S 
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TABLE I.-STOICHIOMETRY OF OXIDATJON OF SOME SUGARS BY POTASSIUM 

DlTELLURAToCUPRATE(I~~) 

Sugar taken, ml 

Equivalents of Cu(lI1) consumed 
per mole of sugar 

0.035M Cu(II1) 
taken, ml a b C 

O.OOlM Glucose 2 0 40 80 15 9 24.1; 24.0 

O*OOlM Fructose 2 5 

0 OOlM Mannose 2 5 
3.0 
1.0 

0+048M Galactose 1.0 
15 
05 

0 OOO!J9M Arabmose 3 0 
40 
2.0 
1.0 

O+OllM Xylose 

0 OOOSM Sucrose 
1.0 
1.0 
3.0 
4.0 

24.0; 24.0 
30 10.1 18.2 241 

24.1 
24.1 

3.0 85 11.8 24.0 
24.0 
24.1 

80 11.8 12.9 241 
24.1 
24.0 

3.0 8.0 20.1 
20.0 
20.0 
20.0 

20 10.1 14.1 20.1 
20.1 
20.0 

3.0 18.0 248 48.1 

equivalents of Cu(III) per mole of glucose. Our results in Table I indicate that the consumption of 
copper(IH) at room temperature- increases with standing time and hence the standardization agamst 
glucose cannot be recommended. Recks found that mannose stabilixed copper(II1) but our obser- 
vations mdrcate that this sugar is also oxidizable and can be estimated like the others. 

Chemical Laboratories s. CHANDRA 
University of Aihzkabad K. L. YADAVA 
Allahabad, India 

Summary-The titrimetric determination of glucose, fructosemannose, 
galactose, arabinose, xylose and sucrose with potassium ditellurato- 
cuprate(III) is described. On heating, pentoses and hexoses consume 
20 and 24 equivalents of copper(III) per mole respectively, and sucrose 
consumes 48 equivalents. 

R&.tnnt%On d&it le dosage titrimetrique des glucose, fructose 
mannose, galactose, arabinose, xylose et sucrose par le dttellurato- 
cuprate(III) de potassrum. Par chauffage, les pentoses et hexoses 
consomment 20 et 24 CQurvalents de cuivre(III) par mole respectrve- 
ment, et le sucrose consomme 48 equivalents. 

ZusannnenfasstrttR-Die titrimetrische Bestimmung von Glucose, 
Fructose, Mannose, Galactose, Arabinose, Xylose und Sucrose mit 
Kahumditelluratocuprat(II1) wird beschrieben. In der H&e ver- 
brauchen Pentosen und Hexosen 20 bxw. 24 Aquivalente Kupfer(II1) 
pro Mol. Sucrose 48. 
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Spectrophotometric titration of bismuth with EDTA 

(Recewed 12 ApriI 1967. Accepted 5 May 1967) 

THE development of a sample and efficient method for the estrmation of phosphate m technical sugar 
solutron&* made it necessary to determine bismuth. The method was based on the procedure due to 
Vancea* for estimation of phosphate in pure solution; phosphate was precipitated quantrtatrvely by 
adding a known amount of bismuth at pH 4.5 and then the excess of bismuth was determined. In 
the past bismuth has been determined gravrmetrically,4-’ tttrrmetrrcally,8-10 and color~n~etr~cally.11-‘8 
We have developed a new spectrophotometric titratron of bismuth with EDTA, usmg the non(III)- 
salicylate complex as indicator. 

EXPERIMENTAL 
Reagents 

Stock soluttons of 0 02M bismuth nitrate, aon(II1) rutrate and EDTA were made in doubly 
drstdled water. Salicvhc acid solution. 0.OSM. was nrenared in 50”/, ethanol. The bismuth and iron , 
solutions were standardized against the EDTA, th&r& and sahcycc acid respectively being used as 
indicators. 

The buffer used was prepared by mtxmg 100.0 ml of l*OM sodmm acetate and 240.0 ml of 1 OM 
nitric acid and diluting to 500 ml with water. 

Procedure 
Known quantities of the standard soluttons of iron and bismuth were transferred by pipette to 

25-ml standard flasks, followed by addition of 5 ml of 0.05M salicyhc acid. 
0.5 by addition of 10 ml of sodium acetate-mtric acid buffer. 

The pH was adjusted to 
Increasing quantities of 0.02M EDTA 

were then added to the flasks, and enough ethanol to give a final concentration of 20% v/v. The 
solutions were diluted to the mark with water and mixed. The absorbances were then measured at 

J 
0 0.4 0.8 I2 ‘2 0 2.4 2 8 3 2 3.7 42 46 SO 

ml of EDTA 

FIG. I.-Titration curves for bismuth wrth EDTA in presence of 0 OlM sahcychc acid. 
Bsmuth, Ltmole: I-10; 2-20; J-30; 4-40. 
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solutions were standardized against the EDTA, th&r& and sahcycc acid respectively being used as 
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The buffer used was prepared by mtxmg 100.0 ml of l*OM sodmm acetate and 240.0 ml of 1 OM 
nitric acid and diluting to 500 ml with water. 

Procedure 
Known quantities of the standard soluttons of iron and bismuth were transferred by pipette to 

25-ml standard flasks, followed by addition of 5 ml of 0.05M salicyhc acid. 
0.5 by addition of 10 ml of sodium acetate-mtric acid buffer. 

The pH was adjusted to 
Increasing quantities of 0.02M EDTA 

were then added to the flasks, and enough ethanol to give a final concentration of 20% v/v. The 
solutions were diluted to the mark with water and mixed. The absorbances were then measured at 
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FIG. I.-Titration curves for bismuth wrth EDTA in presence of 0 OlM sahcychc acid. 
Bsmuth, Ltmole: I-10; 2-20; J-30; 4-40. 
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FIG. 2.-Effect of bismuth concentration on absorbance of the tron(III)-sahcylate 
complex, for varying sahcyhc acid concentrattons. 

Salicyhc acid, M: I-O 008; 2-0~016; 3-O 04, 4-O-08; 5-O 10. 

520 rnp m l-cm cells. This stepwlse tttration had Its end-point at the break-pomt located by extra- 
polation on a plot of absorbance vs. volume of EDTA added. The solution could also be titrated 
continuously. 

Results 

Iron(II1) forms an mtensely vtolet chelate with sahcyhc acid. The complex has an absorption 
maximum at 520 rnp and obeys Beer’s law.‘@ 

A typtcal set of curves for the tttratton of btsmuth with EDTA 1s given in Fig. 1. It is of mterest 
to note that the absorbance of the solution decreases with increasing concentration of bismuth, 
possibly by competluon between the iron and bismuth for the sahcylate, as indicated by Fig. 2. This 
decrease m the mtenstty of the colour does not mterfere with the determination, but rt can be com- 
pletely suppressed by mcreasmg the concentration of sahcyhc acid to 0 lM, gtvmg the type of curve 
shown m Fig. 3. 

The range of apphcabthty of the method was examined and the results reported in Table I show 
that bismuth concentrations rangng from 8 to 500 mg/l can be determined wrth an error of not more 
than 1%. 

D~scussron 

It has been reported by Strode et al. *O that the tron(II1) salicylate colour m aqueous medium is 
senslttve to pH, roruc strength and organic solvents. Therefore the pH* and the amount of ethanol 
(20%) were kept constant throughout. 

EDTA is known to form soluble complexes with a number of cationP at specific pH values. 
Those cations which are not complexed by EDTA at the low pH used in the present method will 
therefore not interfere. 

During the titration the iron(III)-sahcylate and bismuth-EDTA complexes are present before the 
end-point, and the rron(III)-EDTA complex 1s also present after It. It 1s essential m such tttrattons 
that the metal to be titrated should not dtsplace metal ions from the indicator complex, and that It 
should be preferentially titrated, i.e., the metal ion of the mdrcator complex 1s not displaced by the 
tttrant until after the equtvalence point has been reached. These features depend on the stability 
constants of the complexes. *2-*6 In the present case the equilibria and dissociation constants of the 
complexes are 

(Bi-EDTA)- C+ BP+ + (EDTA)‘-; k, = 1 15 x 1O-za 
(Fe-EDTA)- + F@+ + (EDTA)*-; kl = 7.93 x lo-*‘ 

(Fe-Sal)+ Z+ Fe’+ + (Sal)*-; kll = 3 98 x lo-la 



354 Short communtcattonz 

FIG 3.-Trtratlon of btsmuth with EDTA in prescncc of 0 IM sahcyhc acrd. 
Btsmuth, pmole 1-8, I-16, 3-24, 3-32. 

TABLE I.-DETERMINATIOU OF BISMMII WITH EDTA 

Indtcator Btsmuth, fl;;:l 
~Fetlll)l, -___ 

t?:ll Taken Found 

90 
‘10 
90 
90 
45 
45 
45 
45 
45 
45 

167 2 168 
250 8 .?52 
334 4 336 
501 6 -IQ9 
‘it 8 42. 
83 6 81 

167 2 167 
250 8 251 
334 4 332 

8 35 86 

Before the end-pomt the equthbrntm IS 

(Fe-Sal)+ + (BI-EDTA)- + (Fe-EDTA)- -t I?P -I- (Sal)*-. 

The equrlrbrmm constant K, IS gtven by 

h’c -_ [(Fe-EDTA)-l[B~3tlI~a~‘~l k $3 -- 
[(Fc-Sal)-][(RI-CDTA) -1 = 7, ’ 

From the values of the dtssoctatron constants. the value of K, comes ou: to bc 5 8 ,I IO-“, whtch 
is extremely small, mdtcatmg that the tron( III) sahcylate wtll thcrcforc not react apprectably wtth the 
btsmuth-EDTA complex. Thts is confirmed expcrtmcntally, smce thcrc IS no drcrcase m absorbance 
before the equtvalcnce pomt durrng the tnmtton. 
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After the equtvalence pomt the operattve eqmhbrium IS 

(Fe-Sal)+ + (EDTA)a- + (Fe-EDTA)- + (Sal)*- 

wtth eqmhbrmm constant 

K , _ [(Fe-EDTAH(SaO*-1 k, 
’ - [(Fe-Sal)+][(EDTA)4-] = h ’ 

The value of K,’ is 5.0 x lo’, which is very large, and the reaction proceeds quantitattvely. 
In most of the methods avarlable for btsmuth determmatron the presence of iron(II1) Interferes, 

but m the present method this interference IS ehmmated, as uon(III) m the complexed form acts as 
the mdaator. 

Acknowledgemenr-The authors’thanks are due to Sri S. C.Gupta, Duector, Nattonal Sugar Institute, 
Kanpur, for hrs mterest m the work. 
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Department of Chemistry SARVACYA a% aTWAR 
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Summary-A new spectrophotometnc method for the estimatron of 
btsmuth wrth EDTA, usmg iron-salicylate complex as the mdicator, 
has been developed. The determinattons were carried out by measunng 
the absorbance at 520 rnp of solutions contammg bismuth, non(III), 
sahcyhc acid and varrous quantitres of EDTA, at pH 05. It has been 
shown from the stab&y constants of the complexes present that before 
the end-point non(II1) will not react apprectably wrth the BI-EDTA 
complex. The interference from nor@) in the estimatton of bamuth, 
which is a serrous drawback m many other methods, 1s ehmmate.d m the 
present method, as non(II1) acts as the mdrcator. 

Zusarnmenfassung-Es wurde eme neue spektrophotometnsche 
Vorschnft zur Bestimmung von Wtsmut mtt EDTA mn dem Euen- 
Sahcylatkomplex als Indrkator entwrckelt. Dte Bestrmmungen wurden 
ausgefuhrt durch Messung der Extmktton bei 520 nm an Lbsungen, 
die Wrsmut, Etsen(III), Sahcylsaure und wechselnde Mengen EDTA be1 
pH 0,5 enthlelten. An Hand der Stabrhtatskonstanten der anwesenden 
Kompleve wurde gezergt, dalj vor dem Endpunkt Etsen(II1) nicht 
merkhch mit dem Wtsmut-EDTA-Komplex reagert. Die Storung von 
Eisen bei der Wrsmutbestrmmung, ein wesenthcher Nachteil vieler 
anderer Methoden, 1st be1 dieser Vorschrrft gegenstandslos, da Elsen(III) 
als Indrkator wnkt. 

R&urn&& a elabore une nouvelle methode spectrophotometrtque 
pour le dosage du btsmuth a I’EDTA, utrhsant le complexe fer-salicylate 
comme mdtcateur. Les determmatrons ont et6 men&s en mesurant 
l’absorptton ii 520 m,u de soluttons contenant le bismuth, le fer (III), 
l’acrde salicylique et dtverses quantitts d’EDTA, a pH 0,5. On a 
montre, a partrr des constantes de stabihte des complexes presents, 
qu’avant le point de vuage le fer (III) ne reagrt pas de facon appreciable 
avec le complexe BI-EDTA. L’interference du fer (III) dans le dosage 
du bismuth, qut est un inconvement s&eux dans de nombreuses 
autres mtthodes, est Chminee dads la presente techmque, le fer (III) 
agrssant comme mdrcateur. 
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Sammar.v-Amplification methods were first used over 100 years ago 
but the term only came into general usage during the development of 
microanalytical techniques. There has been a revived interest in 
amplikation methods during the last few years, for it has been realized 
that by their application to trace analysis, it is often possible to obtain 
unusally precise results. The amplification methods available for 
various cations and anions are reviewed. 

AMPLIFICATION (or multiplication) reactions can be defined as reactions in which the 
normal equivalence is altered in some way so that a more favourable measurement can 
be made. Probably the first reaction to be given this name was the so-called Leipert 
reaction1 for determining iodide. When elemental iodine is released from a solution of 
iodide by treatment with a suitable oxidizing agent, the reaction proceeds as follows. 

21- + 2Ce*+ + I, + 2Ce3+ 

1‘2 + 2s,o32- -+ 21- + s,o,2- 

One equivalent of iodine requires one equivalent of thiosulphate. Similarly, when the 
iodide ion is titrated with silver nitrate, the same equivalence is obtained. In the 
Leipert reaction the iodide ion is oxidized quantitatively to iodate by means of bromine 
water; after the excess of bromine has been destroyed, iodide is added in excess and 
the following reaction occurs 

103- + 51- + 6H+ -+ 31, + 3H,O 

and it is seen that the original equivalence has been amplified six-fold. 
It is not correct to call this the Leipert reaction. When Leipert’s method was 

published it had a far-reaching influence on organic microanalysis because hitherto 
only the gravimetric method could be used for the determination of iodine in organic 
compounds. Titration with silver was unsuitable because of the very unfavourable 
equivalence. Leipert first described this method in 1929; further papers appeared in 
1933 and 1938. For some inexplicable reason, modern text-books of organic micro- 
analysis quote only the 1938 reference, and it has been remarked that the idea originated 

+ For copies of this Review see Publishers advertisement at the end of this issue. 
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from Viebock, who published his method for determining alkoxyl in 1930, based 
similarly on bromine oxidation of iodide ion .2 There is no doubt that Leipert preceded 
Viebiick, but the reaction is much older than the work of either investigator. Winkler,3 
in 1900, appears to have been the first to oxidize iodide to iodate with another halogen; 
he used chlorine water. Long before Winkler’s time permanganate had been used. 
Hypochlorite was used by Hunter”l (1909) and bromine by Bugarszky and Horvaths 
(1909). There are many other references in the early literature of this century. 

The method of Viebiick and his co-workers, mentioned above for the determination 
of alkoxyl groups, is based on the reaction given above. In the original method of 
Zeisel, the alkyl iodide produced was finally converted into silver iodide, which was 
weighed. In Viebbck’s method the methyl iodide is decomposed and the iodide is 
oxidized as above. This again gives an amplification factor of 6 for the alkoxyl group 

CH,O + CH,I + IO,- + 31, = 6CHaO. 

Amplification reactions were widely used before this period, but they were not 
given this special name; examples will be given later. Some attempt should be made 
to differentiate the two types of reaction that are used and Leipert’s and Viebbck’s 
methods provide an example of each. In the Leipert method the constituent required 
is amplified directly and it is the same constituent which is finally measured. In the 
Viebbck method it is not the constituent required which is amplified, but the iodide 
associated with it; it is the latter which is finally measured. The one is a direct 
amplification and the other an indirect amplification. 

Direct amplification methods are rare and the majority of the amplification 
methods that are known are based on indirect processes. 

It is possible to amplify bromide similarly by oxidizing it to bromate with hypo- 
chlorite. This method only received widespread attention after 1937 when it was 
studied by Kolthoff and Yutzy. 6 The reaction was later applied to the determination 
of bromine in organic microanalysis and is generally ascribed to Kolthoff and Yutzy, 
but as with the iodide method the reaction is much older. The first description seems 
to be due to Weszelszky’ (1900) and the reaction was later studied by van der Memen* 
(1931) and by D’Ans and HiiferD (1934). 

In general, the determination of iodate or bromate is completed simply by adding 
iodide and titrating the liberated iodine with thiosulphate, but recently a method has 
been described in which the iodate or bromate is determined polarographically.1° 

OTHER AMPLIFICATION METHODS FOR THE DETERMINATION 
OF HALIDES 

Some other amplification methods for iodide are known, but they are less conven- 
ient than the bromine oxidation method. For example, iodide can be converted into 
iodine cyanide which reacts with thiosulphate.ll 

ICN + 2S20a2- + H+ + I- + HCN + S40,2- 

It can be seen that in this reaction the normal equivalence is increased two-fold. 
Iodide can also be oxidized with periodate12 

I- + 310, --f 410, 

and the amplification is far better than that of the bromine oxidation reaction. 
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However, the only convenient way of determining the iodate formed is by back- 
titration of the unconsumed periodate, which detracts considerably from the value of 
the method. Quite recently, this reaction has been restudied;13 by masking of the 
excess of periodate with molybdate a direct determination seems possible. This 
particular reaction provides a 24-fold amplification of the original iodide. 

Willard and Merritt14 oxidized iodide to periodate with ozone, which provides an 
8-fold amplification, but the procedure is troublesome and does not appear to have 
been examined further. 

It was mentioned earlier that permanganate had been used to oxidize iodide to 
iodate. The reaction was studied more than a century ago15 and has continued to be 
used till fairly recent times. l6 Under appropriate conditions permanganate oxidizes 
iodide to periodate (in an alkaline medium in the presence of barium ions).l’ Un- 
fortunately the determination has to be completed by back-titration of the unconsumed 
permanganate. 

A useful method for the determination of iodide, in that the amplification proceeds 
during titration, is based on the reactionl* 

I- + 3ClO- + IO, + 3Cl-. 

Standard hypochlorite is used as titrant. At one time it was only possible to determine 
the end-point potentiometrically, but during the last few years some excellent visual 
indicators have been discovered.lQ 

It is possible to amplify bromide by using conditions under which hypochlorite 
oxidizes it to hypobromite. Farkas and Lewin 2o studied this reaction. As the extent 
of amplification is less than in the previous reaction, it is obviously not so advantageous. 
The most interesting feature of this determination is that the oxidation is done with an 
excess of standard hypochlorite, which is then destroyed by an excess of standard 
arsenite, the remaining arsenite being finally titrated with iodine. Presumably 
standard hypochlorite could be used for this back-titration, and as there is already the 
excellent method mentioned earlier for determining iodide by direct titration with 
hypochlorite, it might be of advantage to use hypochlorite as the general titrant in 
laboratories where these two ions are regularly determined. 

It is also possible to determine bromide by formation of BrCN21 as described 
previously for iodide, but this reaction again only gives a two-fold amplification. 

It is not possible to oxidize chloride to chlorate quantitatively. There are two 
stages in the reaction, chloride being first oxidized to chlorine which is then 
converted into hypochlorite and chloride, and this is followed by hypochlorite 
disproportionating to give chlorate and chloride. It is only possible to amplify chloride 
by an exchange reaction which will be discussed later. 

Hypochlorite also oxidizes iodide to iodate (see p. 358); hence if bromide and 
iodide are in admixture it is possible to determine both constituents by amplification. 
One aliquot of the solution is oxidized with hypochlorite to iodide and bromate, and 
another portion is oxidized with bromine to iodate.22 

Methods have been described in the literature for the titration of iodate and bromate 
in admixture.23 The pH is adjusted to about 4-5, at which only iodate reacts with 
iodide. The liberated iodine is titrated and the pH is then lowered to about 1. Bro- 
mate then reacts with iodide and the titration can be continued. Theoretically, it should 
be possible to apply these reactions to the determination of iodide and bromide, for it 
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has been seen that both are readily oxidized to the corresponding halates by hypo- 
chlorite. Attempts have been made to exploit the reactions, but the results have been 
unsatisfactory.24 It would seem that at some stage after oxidation, products are 
present which may affect the limits of the graded pH ranges. These reactions require 
a very careful step-wise examination so that the sources of error can be eliminated. 
It would be of great practical importance if such a method could be developed. 

An amplification method for chloride ion, based on an exchange reaction, was 
first described by Hazlewood and King25 in 1936. A year later SendroyN published a 
similar method, apparently independently, for he does not mention the earlier work. 
It is based on the reaction of silver iodate with chloride ion; the mixed precipitates are 
filtered off and iodate is determined in the filtrate. 

AgIOs + Cl- + AgCl + IO,- 

Later workers have applied this reaction to the determination of chlorine in organic 
compounds.27 

Avaliani recommended mercury(I) iodate2* for the same purpose and Belcher and 
Goulden examined mercury(I1) iodate?O 

Hg,UO,), + Xl- + Hg,Cl, + 210, 

H&IO,), + 2Cl- -+ HgCl, + 210, 

The last reaction depends on the formation of the very feebly dissociated mercury(I1) 
chloride and so a second precipitate is not formed as in the other two reactions. 

With the silver iodate method, various corrections are applied to allow for solu- 
bility and slow reactivity, but Belcher and Goulden showed that the solubility effect 
can virtually be ignored, for the amount of iodate ion released depresses the solubility 
of the particular reagent used. They examined all three methods and found that 
although mercury(I1) iodate gave the best results, it could only be used in neutral 
solution; in acid solution the solubility of the reagent was increased. For general 
purposes they considered that mercury(I) iodate might be the best for the range of 
chlorine found in organic compounds in microanalysis. 

Lambert and Yasudas” recommended silver iodate in a column for the determina- 
tion of traces of chloride but the lowest concentration of chloride they determined 
was 30 ppm. High blanks would be expected at lower concentrations. More recently 
Roberts31 has tried exchange columns of mercury(I) and mercury(I1) iodates and 
periodates and certain other compounds. He found that with the more soluble 
compounds blanks were too high, and with the less soluble, the exchange reaction 
was not quantitative when practicable contact times were used. 

APPLICATIONS OF THE IODIDE AND BROMIDE 
AMPLIFICATION METHODS 

Obviously these amplification reactions can be applied outside titrimetric analysis; 
or they can be applied indirectly to the determination of other substances. The 
determination of alkoxyl has already been mentioned. In the Unterzaucher method32 
for direct determination of oxygen, the carbon monoxide formed reacts with iodine 
pentoxide. 

5CO + 1,0, -+ 5C02 + I2 
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As it stands, this reaction is unfavourable for iodimetry and it would be better to 
measure carbon dioxide, but in Unterzaucher’s method the iodine is captured and 
oxidized to iodate, and the reaction above is amplified 6-fold. 

For the determination of iodine in traces, Geilmann and Bartlingcks3 oxidized it 
to iodate, released the iodine, extracted it into carbon tetrachloride, back-extracted it 
into sodium hydrogen sulphite solution and then oxidized it to iodate again. This 
gives a 36-fold amplification and if necessary the process can be continued. 

Shah and QadrP applied iodide amplification to the determination of small 
amounts of nitrogen in organic compounds. After Kjeldahl digestion the solution 
was passed through two columns of ion-exchange resin, one above the other. The 
first column contained the resin in the hydroxide form; this removed sulphuric 
acid and converted the ammonium ions into ammonia solution. The second column 
contained the resin in the iodide form and converted the ammonia into ammonium 
iodide which was then amplified. The same principle has been extended to the deter- 
mination of amides after hydrolysis to ammonium salts.% 

Traces of boron can be determined by forming the mannitol complex and using 
the liberated protons to release iodine from a solution of iodide-iodate. The iodine is 
extracted into carbon tetrachloride. For moderate trace amounts the absorbance 
of the extracted iodine can be measured directly, but for extremely small amounts the 
iodine is back-extracted and oxidized to iodate, which is then treated with iodide, 
the liberated 6-fold amount of iodine being re-extracted into carbon tetrachloride for 
final measurement.% 

Applications of the bromide amplification are hard to find, probably because the 
iodide amplification is simpler. Obviously, the method can be applied for trace 
determination of bromine, and in one such method the bromate formed, instead of 
being treated with iodide, is treated with bromide so that six equivalents of bromine 
are obtained3’; the bromine is then treated with rosaniline hydrochloride and meas- 
ured spectrophotometrically. 

Methyl bromide in air and in products in which it is used as a fumigant, has been 
determined by conversion to bromate. 3s A modification of van der Meulen’s 
methods is used. 

Many years ago in this Department, during the study of methods for the deter- 
mination of fluoride, the latter was precipitated as lead bromofluoride3B instead of 
lead chlorofluoride in order to give an amplification reaction, but the method offered 
no advantages. Others have since examined this possibility,@’ but presumably have 
come to the same conclusions, for the method has never come into use. 

INDIRECT AMPLIFICATION OF METALS 

It was stated earlier that amplification methods had been used for many years 
without the term being applied. When Shydroxyquinoline is used to precipitate 
metals and the precipitate is determined by titration with bromide-bromate, an 
indirect amplification is obtained.41 

Mg2+ + 2C,H,NO + (C,H,NO)BMg + 2Hf 

C,H,NO + 2Br, -+ C,H,NOBr, + 2HBr 

One mole of 8-hydroxyquinoline requires 4equivalents of bromine; 1 mole of com- 
plex of bivalent metal requires 8 equivalents of bromine. 
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Other organic reagents give a similar indirect amplification for various metals 
when the precipitate is titrated with bromide-bromate. For example, Furman and 
Flagg2 applied the reaction of bromine with hydroxylamine to the indirect deter- 
mination of metals precipitated by reagents containing the oxime group. Copper 
after precipitation with salicylaldoxime or a-benzoinoxime, and nickel after precipita- 
tion with dimethylglyoxime, were determined in this way. Very favourable equiva- 
lences were obtained. 

As it is possible to determine 8-hydroxyquinoline by oxidation with cerium(IV) 
perchlorate,U it follows that any metal which can be isolated as the 8-hydroxy- 
quinoline complex and which can readily be dissolved, may be determined cerimetri- 
tally. The advantage of this procedure is that an abnormally favourable equivalence is 
obtained, for 1 mole of 8-hydroxyquinoline consumes 29.8 equivalents of cerium(IV) 
perchlorate. Magnesium44 and aluminium46 have been determined by this procedure; 
it is said that 5 ,ug of magnesium can be determined satisfactorily. 

The reaction is not completely understood and so the procedure is quite empirical. 
Despite the very favourable amplification of the cerium method, the bromate pro- 
cedure is to be preferred. 

Calcium in organic matter has been determined by precipitating it as the picrolonate, 
isolating the precipitate, and subjecting it to rapid wet combustion. The carbon 
dioxide is measured manometrically. The amplification is 20-fold and as little as 
O-2 mg of calcium can be determined satisfactorily.46 

A specific method for bismuth was developed by Mahr.4’ Bismuth is precipi- 
tated as the complex Cr(NH,),BiBr,, the precipitate is transferred to a distillation 
apparatus and treated with alkali, and the ammonia is distilled off and titrated. This 
gives a 2-fold amplification. The bromine amplification cannot be applied in this 
determination, for the precipitate has to be washed with potassium bromide and so 
contains excess of it; moreover, bismuth and chromium would be present and might 
disturb the reaction. Bismuth has also been determined48 by precipitation as bismuth 
oxyiodide and then oxidation of the iodide to iodate by chlorine water. The equivalent 
weight of bismuth when so determined is 34.83. 

A better amplification is obtained when bismuth is precipitated as BiCr(CNS),,4Q 
and thiocyanate is determined by oxidation with alkaline permanganate.W Although 
48 equivalents of permanganate are required for only one mole of bismuth, back- 
titration is necessary, which detracts from the usefulness of the method. 

The same compound has been determined by oxidation of the chromium(II1) to 
chromium(VI) with persulphate, followed by iodimetric titration.61 Reinecke’s 
salt can be determined by a similar process and as this compound is a selective 
precipitant for mercury and copper, amplification methods for these metals are 
available.s2 In the presence of thiourea, cadmium can be selectively precipitated and 
determined likewise.% 

MISCELLANEOUS DETERMINATIONS 

One very old method for the determination of phosphorus gives a remarkable 
gravimetric amplification. After precipitation of ammonium phosphomolybdate, 
which in itself does not provide a good weighing form, and its dissolution in ammonia, 
lead molybdate is precipitated. 54 It can be calculated that the final precipitate is about 
140 times the weight of the original amount of phosphorus. This is an excellent 
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method and is hardly to be found in any text-book. Titrimetric methods for phos- 
phorus in which the yellow precipitate is dissolved and the molybdenum is reduced to 
molybdenum(II1) and then titrated,s5 can also be termed indirect amplification 
methods. Such methods are quite old. More latterly, reduction to molybdenum(V) 
has been preferred; Birnbaum and Walden% dissolved the yellow precipitate, passed 
the solution through a silver reductor and titrated the molybdenum(V) with cerium(IV) 
sulphate. The method has been recommended again quite recently.57 In the latter 
modification the phosphorus is extracted as phosphomolybdic acid into isobutyl 
acetate and, after back-extraction, is passed through the silver reductor. It is possible 
to determine as little as 3 ,ug of phosphorus with greater precision than by spectro- 
photometry, for the amplification is 1Zfold. In a further method for determination 
of traces of phosphorus a double amplification is used. Phosphomolybdic acid is 
extracted into isobutyl acetate and back-extracted into ammonia solution, and 
molybdate is precipitated as 8hydroxyquinoline molybdate. The latter is filtered off 
and the precipitate is dissolved and titrated with standard potassium bromate. 

As two moles of 8-hydroxyquinoline are required for one mole of molybdate ions, 
the final amplification of phosphorus in terms of standard bromate is 96-fold. It is 
not possible (without great inconvenience) to precipitate 8hydroxyquinoline molyb- 
date quantitatively when the amount of phosphorus is less than 0.5 ,ug, otherwise the 
cerium(IV) perchlorate oxidation (p. 362) could be used and a 720-fold amplification 
could be exploited. The latter method can, of course, be used provided that pre- 
cipitation of S-hydroxyquinoline molybdate is quantitative, but for amounts of 
phosphorus down to O-5 ,ug, the amount of standard bromate is quite measurable and 
this method is preferred because it is much simpler.58 

Both phosphorus and silicon have been determined indirectly by atomic absorption 
spectroscopy after isolation by suitable solvent extraction procedures. The final 
measurement is again of the molybdenum content of the heteropoly acids.K@ 

Calorimetric methods have also been used in which molybdenum is determined 
spectrophotometrically after precipitation of ammonium phosphomolybdate;@O 
in more recent times, phosphomolybdic acid has been extracted and then after 
back-extraction into an aqueous phase, has been treated with a suitable spectro- 
photometric reagent for molybdenum. 61 In one recent paper of this kinds2 a new 
reagent for molybdenum was used. @@ When phosphorus is determined by titration of 
ammonium phosphomolybdate with alkali the process is one of indirect amplification. 
The same is true obviously when phosphomolybdate (or silicomolybdate etc.) is 
precipitated with other bases.s4@5 

There are several other miscellaneous reactions which are amplification reactions 
and which were not so termed in former days. For example, one of the oldest methods 
for determining sulphate titrimetrically is by treatment of the sulphate solution with 
barium chromate dissolved in hydrochloric acid .66 This precipitates barium sulphate 
and yields an equivalent amount of chromate. The solution is then treated with 
ammonia to precipitate the dissolved barium chromate and the mixture is filtered off. 
The filtrate contains chromate equivalent to the original sulphate, and when this is 
titrated iodimetrically or with standard iron(I1) solution it can be seen that an 
amplification has been achieved. 

Several metals which form insoluble iodates have been determined by precipitating 
them as the iodate and, after dissolution of the precipitate, titrating iodimetrically. 
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Alternatively, the excess of iodate in the filtrate may be determined. Barium, lead, 
thorium, mercury and bismuth have been determined in this way.s7 

Carbon dioxide in small amounts has been determined by absorbing it in ammo- 
niacal barium chloride, filtering off the precipitated barium carbonate and then re- 
dissolving this in acid and precipitating as barium sulphate.6* King and Wootton6Q 
determined carbon dioxide in plasma by absorbing it in barium hydroxide and pre- 
cipitating the excess of barium ion as iodate; the mixed precipitates were then 
filtered off, washed, dissolved in acid, treated with potassium iodide and titrated with 
thiosulphate. It should be noted that this method only amplifies the excess of barium 
hydroxide. Sch6niger70 has described a method for amplifying carbon dioxide, based 
on passage over alternate layers of heated carbon and copper oxide 

C 0 

CO, -+ 2C0 -+ 2COQ Z 4C0 etc. 

The amplification can proceed indefinitely and is only limited by the length of the 
reaction tube. 

Traces of hydrogen in steels have been determined by burning to form water, 
passing the water vapour over calcium carbide to form acetylene, burning the acetylene 
to carbon dioxide and then measuring this conductimetrically.‘l Theoretically it 
should be possible to amplify this reaction by passing the water formed from com- 
bustion of acetylene through a further layer of calcium carbide to form acetylene 
again and so on. The yield of carbon dioxide should be doubled with each treatment 
based on the reaction 

CaC, + HQO --+ CaO + CQHQ. 

Either this reaction is not stoichiometric or there is a combination of this and the 
other possible reaction 

CaC, + 2HQ0 -+ Ca(OH), + CQHQ 

for an amount of carbon dioxide less than would be expected is obtained in the 
second treatment.72 

The methods proposed recently by Weisz are of interest.‘Q In them there is a 
gradual build-up of precipitate until sufficient is available for measurement by suitable 
means. For example, if chromate (or silver) is to be determined, first a precipitate of 
silver chromate is formed. This is then treated with barium chloride. 

AgQCrO, + BaClQ ---f 2AgCl+ BaCrO, 

The mixed precipitates are then treated with silver nitrate 

(AgCl) + BaCrO, + 2AgNOQ - AgQCrO, + Ba(NOQ)Q + (AgCl). 

Barium chloride is again added and the process is continued until sufficient precipitate 
for measurement has been obtained. The process can be automated. Other reactions 
of a similar nature have been exploited in this way and there are many other possibilities. 
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Zusannnenfass~-Verstarkungsverfahren wurden schon vor iiber 100 
Jahren verwendet, doch kam der Begriff erst mit der Entwicklung 
mikroanalytischer Techniken in allgemeinen Gegrauch. In den 
letzten Jahren entwickelte sich neues Interesse an Verstlrkungsverfah- 
ren, denn man erkanntem d& man mit ihrer Anwendung in der 
Spurenanalyse oft ungewiihnlich genaue Ergebnisse erzielen kann. 
Es wird eine Ubersicht i&r die ftir verschiedene Kationen und 
Anionen verfiigbaren Verstarkungsverfahren gegeben. 

R&nn~Les methodes d’amplification ont 6te utilisees pour la pre- 
miere fois il y a de cela plus de 100 ans, mais le terme n’est devenu 
d’usage g&&al que lors hu developpement des techniques microana- 
lvtiaues. Les methodes d’amulitication ont renris de l’int&&t durant 
1;s quelques dernieres annees,‘car on a realis& que par leur application 
1 l’analyse de traces il est souvent possible d’obtenir des resultats 
inhabituellement pr&s. On passe en revue les methodes d’amplifi- 
cation disponibles pour divers cations et anions. 
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Summary-A new, more stable reagent, S-2-(3-mercaptoquinoxalinyl)- 
thiuronium chloride (MQT), is proposed for the simultaneous ab- 
sorptiometric determination of cobalt and nickel. It is hydrolysed 
rapidly to quinoxaline-2,3-dithiol (QDT) in ammonia buffer at pH 10. 
In the presence of z.inc(II), QDT is stabilized by complex formation 
and the reagent blanks are reduced. Samples containing cobalt(U) 
and nickel(II) react with the mixture on warming to give 1:3 cobalt 
and 1:2 nickel complexes, with maximum absorbances at 472 and 520 
rnp respectively. The sensitivity of the method is high, 00X7 and 
0.0028 &cms for cobalt and nickel respectively, and there is a 
significant improvement in accuracy and precision, which is about 
kl% over a U-fold change in cobalt to nickel ratio. The selectivity 
is moderate; AgUh WII), WII), WIO, Hg(II), sn(I9, PWI), 
Bi(II1) and Pt(IV) cause significant interference but most other common 
cations and anions can be tolerated. 

MANY organic reagents have been proposed for the absorptiometric determination of 
cobalt and nickel, but relatively few of these are recommended in the standard 
works1*2 and many are not available commercially. Some of the more common 
reagents are shown in Table I, with the sensitivities (&cm2) and approximate 
selectivities (high, moderate or low) of their reactions with cobalt and nickel. Of 
these reagents, quinoxaline-2,3-dithiol, (QDT, II), shows considerable promise. 
Recent papers have recommended its use for the determination of cobalt and nickeP* 
and platinum and palladium. 5 There are, however, serious disadvantages with 
quinoxaline-2,3-dithiol in these methods, viz. 

(a> 

@I 

(4 

The solid reagent is unstable and requires frequent repurification because the 
decomposition products interfere with the analytical method. 
The use of dimethylformamide as solvent is undesirable because it is poisonous 
and expensive. 
The solutions of the reagent in dimethylformamide, or other solvents, are very 
unstable and decompose within a few hours. As the reagent solutionis coloured, 
decomposition causes variation of the high reagent blanks (about 10%) and 
hence reduces the precision of the methods. 

These disadvantages are overcome to a large extent by the use of a new reagent, 
S-2-(3-mercaptoquinoxalinyl)thiuronium chloride, (MQT, I), which is completely 
stable in the solid state. It is sticiently soluble and stable in aqueous ethanol for 

* Department of Chemistry, Kingston College of Technology, Kingston upon Thames, Surrey, 
U.K. 
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TABLEL-SENSITIVITY AND APPROXIMATE ~ELE~~~ITY OF SOME COMMON 
ORGANIC REAGENTS FOR COBALT AND NICKEL 

Cobalt Nickel 

Reagent sensitivity, pg. CIII-~ selectivity sensitivity, pg. cm-g selectivity 

I-(2pyridylazo-2-naphthol) 0.0016 high O*OolO low 
quinoxaline-2,3dithiol 0*0017 moderate 0.0028 moderate 
nitroso-R-salt 0.0019 high 
dimethylglyoxime 0.0052 low 
2-nitroso-l-naphthol o+Kl42 
diethyldithiocarbamate 

high 
0.010 moderate 

thiocyanate 0.055 high 

this to be used as the reagent solution. On addition to an ammonia-ammonium 
chloride buffer (pH 10) the reagent is immediately hydrolysed to form quinoxaline-2,3- 
dithiol in situ. When zinc ions are incorporated in the buffer solution, the quin- 
oxaline-2,3-dithiol forms a nearly colourless zinc complex which, in addition to 
stabilizing the reagent solution, will reduce the blank due to excess of quinoxaline-2,3- 
dithiol in the absorptiometric method. The improved method for the simultaneous 
absorptiometric determination of cobalt and nickel described here has been based on 
these observations. 

EXPERIMENTAL 
Reagents 

S-2-(3-MercaptoquinoxaZinyZ)thiuronium chloride. The reagent is conveniently prepared in three 
stages, based on methods given by Newbold and Springf Stevens et al.’ and Taeger and El-Hawehi.’ 
The sequence of reactions is shown below, together with the tinal hydrolysis of the reagent MQT 0 to 
form quinoxaline-2,3-dithiol (II). The overall yield of S-2-(3-mercaptoquinoxalinyl)thiuronium 

(II) (I) 

chloride is about 80% of the theoretical value. It is an odourless, well-crystallized golden-yellow 
solid, m.p. 273” (decomp.). It can be stored indefinitely without decomposition. 

Elemental analysis of the product recrystallized from absolute ethanol gave C, 39.7 %; H, 3.2%; 
N, 20.4%; S, 23.7 %; Cl, 12.9%; C,H,N,S,Cl requires C, 39.6%; H, 3.33 %; N, 20.5 %; S, 23.5%; 
Cl, 13.0%. 

The solubility of S-2-(3-mercaptoquinoxalinyl)thiuronium chloride in aqueous ethanol at 20” is as 
follows. 

Ethanol, % v/v 0 20 40 60 80 100 
Solubility, g/100 ml 0.46 0.51 083 1.01 0.76 0.34 

The reagent is more stable in ethanol-rich solutions, the solution in 80% ethanol being stable for 
about one week. On decomposition it gives a slight precipitate which can be removed by filtration, 
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the titrate being used for analysis. 
them away from light. 

The stability of aqueous ethanol solutions is improved by storing 

An attempt was made to follow the hydrolysis of S-2-(3-mercaptoquinoxalinyl)thiuronium 
chloride spectrophotometrically, as a function of pH and time, but the observations were only 
semi-quantitative because of decomposition of the quinoxaline-2,3-dithiol formed. The reagent is 
soluble over the pH range S-10 and the hydrolysis to quinoxaline-2,3-dithiol is seen as the solutions 
darken on standing. When zinc ions are added to the reagent in a pH 10 buffer solution there is a 
marked increase in the stability of the quinoxaline-2,3-dithiol. The hydrolysis of MQT is complete, 
at pH 10 and in the presence of zinc(II), in less than 5 min. Figure 1, curves A and B, shows the 
variation of the absorbance of quinoxaline-2,3dithiol solution as a function of time, at pH 10 in 
the absence and presence of zinc ions. 

S-2-(3-Mercaptoquinoxalinyl)thiuronium chloride solution. A 0.1% w/v solution of the reagent in 
80 % v/v aqueous ethanol. 

02 

0 
350 400 450 500 550 600 

Wavelength, mp 

FIG. l.-Spectra of quinoxaline2,3-dithiol and its complexes. 
Curve A-7.3 x 10-h M QDT, (i) after 15 min and (ii) after 1 hr 
Curve &the same with excess of xinc(I1) present 
Curve C-l.5 ppm of cobalt(I1) with excess of reagent present 
Curve D-25 ppm of nickel(I1) with excess of reagent present 
All spectra in 8 % aqueous ethanol at pH 10 

Zinc-bu$er solution @H 10). Dissolve 70 g of ammonium chloride and 6 g of zinc sulphate 
heptahydrate in 570 ml of ammonia solution (s.g. 0.880) and dilute to 1 litre with distilled water. 

Standard solutions of cobalt and nickel for calibration. Prepared from analytical-grade cobalt(I1) 
sulphate heptahydrate and nickel ammonium sulphate. 

Apparatus 

Measurements of absorbances at fixed wavelengths, for analysis, were made with a Unicam SP 600 
spectrophotometer in l-cm glass cells. Spectral curves were recorded with a Unicam SP 800 instrument. 

Reaction of reagent with cobalt and nickel 

The hydrolysis of S-2-(3-mercaptoquinoxalinyl)thiuronium chloride to quinoxaline-2,3-dithiol is 
best carried out at pH 10, and this fixes the pH of the reaction with nickel and cobalt. No evidence 
was found for complex formation with the former compound, at this pH. The spectra of the cobalt and 
nickel complexes of quinoxaline2,3-dithiol at pH 10 in 8 % aqueous ethanol are shown inFig. 1, curves 
C and D. The wavelengths of rl,,, 
ly. 

are 472 and 52Omp, for the cobalt and nickel complexes respective- 
The hypsochromic shift in the spectrum of the quinoxaline-2,3-dithiol in the presence of xinc(II), 

Fig. 1, cures A and B, makes a considerable reduction in the absorbance due to excess of reagent at 
these wavelengths, from about 10% to less than 1% in practice. The molar absorptivities (E) for the 
cobalt and nickel complexes on our instrument are 

472 rnp 520 m,u 
&Ni 11,740 20,820 
&co 35,550 18,110 
Ratio &x&~~ 0.33 1.15 

These values were used to calculate the factors in the simultaneous equations given in the recommended 
procedure below. 

Mole-ratio plots, performed in the usual way,* showed that 1: 3 cobalt and 1: 2 nickel complexes 
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of quinoxaline-2,3-dithiol are the absorbing species in alkaline solution. The rate of formation of 
the 1: 3 cobalt complex is kinetically slow, judged by the rate of development of the maximum absorb- 
ance of solutions. This has not been reported by other workers. It was shown that the solution must 
be heated for IS min at 60° in ~o~a~o~~~ chloride buffer in order to establish equilibrium, 
The presence of oxygen appears to increase the mate. It is possible that the slow rat~~ter~~~ 
step is one of oxidation, Co(II)L,, tetrahedral + C5(III)Ls, octahedral. The I : 2 nickel complex is 
anionic and was isolated as its di(tetraphenylarsonium) salt. Elemental analysis confirmed the 
empirical formula of the salt which, since it is diamagnetic (measured at room-temperature only), 
may have the following square-planar arrangement in the complex anion: 

The co-ordination chemistry of this and related complexes of quinoxalme-2,3-dithiol will merit 
further study. 

Of the other variables studied in order to establish the conditions for the method of analysis, it was 
found that the amount of excess of reagent used was the least critical. About a four-fold molar 
concentration relative to the metal ion concentration is satisfactory, More critical is the order ofthe 
addition of the reagents, which sh5uId be first the zinc-buffer solution fOrlowed by the MQT in 
aqueous ethanol, and fmally the sample containing cobalt and nickel, in order to minimize errors due 
to the decomposition of quinoxaline-2,3-dithiol. The ratio of ethanol to water in the final solution is 
also important because there is a slight bathochromic shift in the &,, of the nickel complex: 

Ethanol, % v/v 
& (Ni complex), mp 5; 5% 

30 60 80 
529 5”;“2 535 537 

The cobalt complex is not affected in this way. 

Procedure 
To 1 ml 

followed bv 
of the zinc-buffer solution in a %nl beaker add 5 ml of the 0.1% reagent solution 
a suitable aliquot of a sample solution of cobalt(D) and nickel(I1) ions (notes 1 and 2). 

Dilute to 23 ml with water and heat on a steam-bath (cio”) for about 15 min. Cool and dilutewithwater 
to 50 ml in a graduated flask. Measure the absorbances (A) at 472 and 520 rnp in l-cm cells against 
the reagent blank prepared in the same way (note 3). Calculate the molar c5ncentrations of cobalt 
and nickel from the sim~taneous equations 

@!i] x IOJ = 6.74 x Asso - 343 x Aarpl 

Notes 
[Co] x lo6 = 3.95 x Aals - 2.23 x Asao (note 4). 

1. The sample is chosen to provide 7.1-75 &I of cobalt and 12%I25 pg of nickel in the final 
SO-ml solution. 

2, Five ml of 5 % aqueous bones citrate soluti5n can be added here to suppress the hydrolysis 
of ions such as W(III), Al[III) and Mn(II). 

3. The absorbances of the solutions remain constant for several hours. 
4. The factors given in the simultaneous equations, calculated from the molar absorptivities 

measured, will be only approximate for other instruments. The correct factors can be found in the 
usual way by using standard solutions of cobalt and nickel. 

In the dete~nation of cobalt alone, the procedure is the same but the absorbance is measured at 
472 m,u only, against a reagent blank. For nickel alone, the heating step can be omitted and the 
absorbance measured at 520 rnp against a reagent blank. When lower sensitivity is acceptable the 
isosbestic wavelength at 500 rnp could be used for the determination of total nickel and cobalt. 

RESULTS AND DISCUSSION 

Beer’s law is obeyed in the recommended procedure from O-15 to 1.5 ppm of 
cobalt and from 0.25 ta 2.5 ppm of nickel. For replicate anaIyses of cobalt (0.9 ppm) 
and nickel (1~5 ppm) the overall coefficients of variation were l-l and O-9% re- 
spectively. Subtraction of the coefficient of variation for the instrument error, experi- 
mental value 0*5’?$, gave the coefficients of variation for the methodic and operative 
errors in the procedure as l-0 and 0.75 %, for the determination of cobalt and nickel 
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respectively. Tests were also made of the additivity of the absorbances, for known 
ratios of cobalt and nickel. The average difference in the absorbances at five different 
ratios was low-0~01 absorbance units without regard to sign-but the ratio of 
positive to negative differences was high, 2.9. It is concluded that there is simple 
additivity of the absorbances and that the recommended procedure is reliable to 
within f lx, over a range of cobalt to nickel concentration ratios. The results of 
analysis of synthetic mixtures of cobalt and nickel, over a 15-fold concentration 
ratio, which are presented in Table II, contim this conclusion. 

TABLEII.-ANALYSIS OF SYNTHETIC MIXTURES OF COBALT 
AND NICKEL 

Added, ppm 

co 0.30 
Ni 240 

co 0.30 
Ni 150 

co 060 
Ni l+O 

co 0.90 
Ni 1.00 

co 1.20 
Ni 0.50 

Found,* ppm 

Mean Standard error 

0.30 0.030 
2.04 0.005 

0.31 0405 
1.50 0.018 

0.61 0405 
1.01 0.008 

0.92 0.010 
0.98 0.011 

1.19 0.011 
0.52 0.007 

* Mean and standard error of quintuplicate results. 

In the determination of cobalt (0.9 ppm) and nickel (1.5 ppm) the absorbance 
differed by less than 1% from the expected value in the presence of a 20-fold excess of 
Na(I), K(I), Ca(I), Mg(II), Zn(II), AW), AW, WIV), WV), TWV, V(v>, 
Cr(VI), Mn(II), Fe(III), Mo(VI), W(VI). To prevent hydrolysis of Fe(III), Mn(II), 
AI(III), V(V), etc., ammonium citrate must be used as masking agent. Similarly a 
200-fold excess of the following anions, present as sodium salts, can be tolerated: 
F-, Cl-, NO,-, NO,-, SOp2-, POas-, citrate and tartrate. There is gross interference 
by Ag(I), Cu(II), Pd(II), Cd(II), Hg(II), Sn(II), Pb(II), Bi(II1) and Pt(IV). The last, 
as hexachloroplatinate, was found to interfere only with the cobalt determination. 
These elements must all be removed prior to the determination of cobalt and nickel 
by the recommended procedure. Since they all form acid-insoluble sulphides it may 
be possible to precipitate them homogeneously from acid solution by the hydrolysis 
of thioacetamidelO with molybdenum as carrier, prior to the absorptiometric deter- 
mination of the cobalt and nickel. 

Acknowledgements-We are indebted to Professor J. F. McGhie for valuable advice on the preparation 
of the reagent and we acknowledge the grant of part-time study-leave from the Kingston College of 
Technology to one of us (A. K. S.). 

Zusammenfassung-Ein neues stabileres Reagens zur gleichzeitigen 
absorptiometrischen Bestimmung von Kobalt und Nickel, S-2-(3- 
Mercaptochinoxalinyl)thiuroniumchlorid (MQT), wird vorgeschlagen. 
In Ammoniakpuffer bei pH 10 wird es schnell zu Chinoxalin-2,3-dithiol 
(QDT) hydrolysiert. In Gegenwart von Zink(II) wird QDT durch 
Komplexbildung stabilisiert und die Blindwerte werden verringert. 
Kobalt(II) und Nickel(B) enthaltende Proben reagieren mit dem 

2 
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Gemisch beim ErwB;rmen zu 1: 3-Kobalt- und 1: 2-Nickel-Komplexen 
mit Absorptionsmaxima bei 472 bzw. 520 nm. Die Empmrdlichkeit 
der Methode ist hoch, 0,0017 und 0,0029 &cm4 ftir Kobalt bzw. 
Nickel; Genauigkeit und Richtigkeit steigen betrlchtlich an auf etwa 
f 1% bei einer 15-fachen Anderung des Kobalt : Nickel-Verhahnisses. 
Die Selektivitlt ist mtiig: Ag(I), Cu(II), Pd(II), Cd(B), Hg(II), 
Sn(II), Pb(II), Bi(II1) und Pt(IV) stbren betrachtlich, die meisten 
anderen haufig vorkommenden Kationen und Anionen dtirfen 
dagegen anwesend sein. 

R&sma&Qn propose un nouveau rkactif, plus stable, le chlorure de 
S-2-(3-mercaptoquinoxalinyl)thiouronium (MQT) pour la d&ermina- 
tion absorptiometrique simultanee du cobalt et du nickel. 11 est 
rapidement hydrolyst en quinoxaline 2,3-dithiol (QDT) en tampon 
ammoniaque a pH 10. En la presence de zinc(B), le QDT est stabilise 
par formation de complexe et les ttmoins du reactif sont diminues. 
Les eChantillons contenant le cobalt(II) et le nickel(B) rt!agissent avec 
le melange par chauffage pour domrer les complexes 1: 3 cobalt et 1: 2 
nickel avec maximums d’absorption a 472 et 520 rnp respectivmment. 
La sensibilite de la methode est elevee, 0,0017 et 0,0029 pg/crn” pour le 
cobalt et le nickel respectivement, et il y a une amelioration importante 
en justesse et precision, qui est d’environ f 1 ‘A tandis que le rapport du 
cobalt au nickel varie de 1 a 15. La selectivit6 est mod&&e; Ag(I), 
Cu(II), Pd(II), Cd@), Hg(II), Sn(II), Pb(II), Bi(II1) et Pt(IV) causent 
une g&e importante mais la plupart des autres cations et anions 
communs peuvent &re toleres. 
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Srmnnary-The mass spectra of the oxinates of gallium, dysprosium, 
beryllium, samarium, cadmium, neodymium, indium, bismuth, 
lanthanum, yttrium and gadolinium have been recorded. The results 
have been correlated with the structures proposed in the literature. 
The integrated ion current method has been applied to determine 
submicrogram quantities of some of these compounds. Oxinates 
insoluble in organic solvents or undergoing reaction on solution were 
precipitated directly in the evaporation probe. The factors which 
determine the suitability of metal chelates for the estimation of metals 
by this method are discussed together with the instrumental factors 
which determine the ultimate sensitivity. 

IN A previous paper of this series1 the possibility of estimating very small quantities of 
volatile metal chelates by integrating the ion current at a significant m/e value while 
evaporating the metal chelate directly into the ion source of a mass spectrometer was 
demonstrated. Amounts of the order of lo-l2 g of nickel dimethylglyoximate could 
be estimated in this way and the method was completely specific. The method was 
extended later2 to the oxinates of common metals when it was found that there was a 
considerable difference in the sensitivity of the method for different metals. It was also 
discovered that some metal oxinates undergo thermal decomposition to provide prod- 
ucts of which the mass spectra contain peaks corresponding to ions containing more 
than one metal atom. Because of the insolubility of some metal oxinates it was 
impossible to calibrate the instrument by using successive dilutions of a standard 
solution of the metal oxinate in an organic solvent. It is the purpose of the present 
paper to describe an alternative method by which the instrument may be calibrated 
for such insoluble metal chelates and to outline a variation of the original method by 
which it is no longer necessary to make any measurements of the pressure of the 
calibrating gas. It is a further object to extend the method to a number of other 
metal oxinates and to record their mass spectra in order to correlate them with the 
proposed structures described in the literature. Finally the experimental parameters 
which determine the ultimate instrumental sensitivity for the integrated ion current 
method are examined. 

EXPERIMENTAL 

All measurements were carried out with an A.E.I. M.S.9 mass spectrometer. The oxinates of 
gallium, dysprosium, beryllium, samarium, cadmium, neodymium, indium, lanthanum, yttrium and 
gadolinium were prepared by methods described in the book “Oxine and its Derivatives”.* 
solution of gallium oxinate was prepared by dissolving 1 mg in 10 ml of chloroform. 

A 0.01% 

The oxinates of cobalt, nickel, iron(III), manganese, beryllium, cadmium, indium and samarium 

* Part II-Talanta, 1967,14, 1213. 
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were precipitated directly in pytex glass tubes 27-mm long and l-mm internal diam. which were fitted 
into the direct insertion probe and discarded after use. The precipitation was achieved by injecting 
1~1 of the metal salt solution into the tube followed by 1 ~1 of a 2 % solution of oxine in ethanol and 
1 ,ul of 4il4 ammonia. Heptacosafluoro-tri-n-butylamine was supplied by Koch-Light Laboratories 
Ltd. The procedure for recording the integrated ion current was that described previous1y.l A 
method which eliminates the need for an accurate measurement of the pressure of heptacosafluoro- 
tri-n-butylamine in the inlet system or source of the mass spectrometer involves the evaporation of a 
standard sample of known weight of the metal chelate while a constant appropriate but unknown 
pressure of the calibrating gas is maintained in the source. All subsequent unknown samples of the 
same metal chelate are then evaporated under the same conditions. 

The concentration of unknown and standard samples may then be compared directly, the peak 
heights due to the calibrating gas giving an indication of any variation in instrumental sensitivity 
between or during measurements. 

RESULTS AND DISCUSSION 

The calibration of a mass spectrometer for the measurement of small concen- 
trations of metal chelates by the integrated ion current method presents a severe 
problem in that it is impossible to handle weighed submicrogram quantities. The 
only alternative is to measure by volume samples of solutions which have been 
successively diluted from an original solution. In the previous paper of this series% 
it was found that such a calibration could not be made for the oxinates of cobalt, 
nickel, iron(II1) and manganese because these compounds were not sufficiently 
soluble in chloroform or dioxan to provide even a O-01 ‘A solution. These compounds 
were soluble in dimethylformamide but when samples of the solution were evaporated 
into the source of the mass spectrometer the mass spectra recorded did not reveal 
peaks due to ions containing metal atoms. A similar effect was observed when cadmium 
oxinate was dissolved in dimethyl sulphoxide. It is probable that dissociation of the 
metal complex takes place in these polar solvents. The decomposition of nickel 
dimethylglyoximate in chloroform solution has been reported previously1 and the 
dissociation of metal chelates in solvents of this type is the subject of a further com- 
munication. 

In order to avoid the difficulty of calibration with insoluble compounds it was 
decided to precipitate the metal oxinates from small measured volumes of standard 
solutions of the metal salts directly in the evaporation tube by the addition of an 
excess of an ammoniacal solution of oxine in aqueous ethanol. The solvent and 
ammonia are evaporated immediately during the introduction of the sample and the 
presence of excess of oxine in the residual solid material was considered to be un- 
important. 

Transition metal oxinates 

When solutions of iron(III), cobalt, nickel and manganese were mixed with the 
oxine solution in the evaporation tube the metal oxinate could be seen to precipitate, 
and on evaporation of the product into the source of the mass spectrometer, integrated 
ion current curves could be obtained at significant m/e values. Nevertheless the 
sensitivity obtained by this method was lower than that observed previously and this 
could be due either to incomplete precipitation or to decomposition during evapora- 
tion. In order to compare the sensitivities for different metal chelates or for different 
chelates of the same metal or for different methods of sample introduction it is 
necessary to introduce a standard sensitivity figure. This cannot be regarded as 
having an absolute and constant value but rather a relative value since all the sen- 
sitivities will vary with instrumental parameters in the manner discussed later. The 
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arbitrary definition chosen for the sensitivity value is the area under the ion current 
curve at a significant m/e value, in mm 2, divided by the sample weight in g and 
multiplied by 10-12. In these preliminary studies the sensitivity (s) is measured at 
low electron multiplier gain, using the least sensitive galvonometer recorder trace, a 
slow recorder paper speed and a filament emission of 100 ,uA; an increase of several 
orders of magnitude in sensitivity is possible by adjustment of these instrumental 
parameters. 

Zron(ZZZ) oxinate. The metal chelate was precipitated in the evaporation tube 
from a O-1 % solution of iron(II1) chloride. Evaporation took place at 390” and the 
integrated ion current sensitivity at m/e = 344 was s,, = 2-O x lOA. This means 
that the limit of detection at low sensitivity lies between lo-* and 1O-9 g. 

Cobalt(ZZ) oxinate. Precipitation of the metal chelate took place from 1 ,ul of a 
O-1 % solution of cobalt nitrate. Evaporation took place at 400” and the sensitivity 
at m/e = 347 [corresponding to the ion Co(Ox),+] was ss47 = 2-O x lOA. 

Manganese(ZZ) oxinate. Precipitation occurred from 1 ,ul of a O-1 % solution of 
manganese(I1) sulphate. Evaporation took place at 390” and the sensitivity at m/e = 
343 [corresponding to the ion Mn(Ox),+] was s,, = 7-O x lOA. 

Nickel oxinate. Precipitation occurred from 1 ,uI of a O-1 % solution of nickel 
sulphate. Evaporation took place at 400” and the sensitivity at m/e = 346 [corre- 
sponding to the ion Ni(Ox)$] was saU = 3-O x lOA. 

Gallium oxinate 

Gallium oxinate is soluble in chloroform and a O-01 % solution was prepared. 
The mass spectrum of gallium oxinate was recorded at an evaporation temperature 
of 320” and was in accordance with the structure Ga(Ox),+, exhibiting intense peaks 
at m/e = 501 [Ga(Ox)f], 357 [Ga(Ox)z+] and 213 [Ga(Ox)+]. The peak at m/e = 
357 was chosen for an integrated ion current measurement as it was close to a con- 
venient peak from the calibrating gas. The sensitivity was s,, = 2.25 x lOA. 

Zndium oxinate 

Indium oxinate is not soluble in an inert organic solvent and it was precipitated 
directly in the evaporation tube from 1 ,ul of O-l&Z indium chloride. Evaporation took 
place at 395” and the mass spectrum was in accordance with the structure 
In(Ox),+, exhibiting strong peaks at m/e = 547 [1151n(Ox)$], 403 [1161n(Ox)2+] and 
259 [1151n(Ox)+]. The sensitivity was sao3 = 3-2 x 1Od. Although there is no sign 
of decomposition, this sensitivity is very low and suggests incomplete precipitation 
of indium oxinate. 

Beryllium oxinate 

The structure of beryllium oxinate has been the subject of considerable discussion 
and the most recent papeP proposes the structure Be20.0x2.2H20 on the basis of 
evidence derived from infrared absorption and differential thermal analysis. At 
temperatures between 180 and 270’ one molecule of water is lost and at higher 
temperatures hydrolysis takes place with the loss of oxine and the final formation of 
beryllium oxide. Evaporation into the source took place at 380” and the mass spectrum 
showed intense peaks at m/e = 296 [Be(Ox),+] and 153 [Be(Ox)+]. However, it is 
known that the mode of decomposition of oxinates may vary with the conditions, so 
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the two results are not necessarily in conflict. There is also evidence of polymeri- 
zation provided by the appearance of a peak at m/e = 450, corresponding to the ion 
Be,(Ox),+. The sensitivity is very low; ss9, = 4-O x lo+. 

Cadmium oxinate 

Cadmium oxinate is insoluble in chloroform and undergoes decomposition when 
dissolved in dimethyl sulphoxide. It was therefore precipitated directly from 1 ,ul of 
O*lM cadmium sulphate. Evaporation took place at 365”, and the mass spectrum 
revealed small peaks at m/e = 500 [lWd,(Ox)$] in addition to larger peaks at 
m/e = 394 pWd(Ox)$] and 252 [106Cd(Ox)+]. There are thus signs of thermal 
decomposition and polymerization. The sensitivity, .rsM = 1.6 x 106, was corre- 
spondingly low. 

Bismuth oxinate 

Solid bismuth oxinate could be evaporated at a temperature of 390” but the highest 
peak in the mass spectrum was at m/e = 497, corresponding to the ion Bi(Ox)s+. 
However, it is insoluble in suitable organic solvents, and when precipitated directly 
from bismuth nitrate solution the sample charred on heating and did not give a 
reproducible mass spectrum. 

Rare earth oxinates 

Samarium oxinate was insoluble in inert organic solvents and was precipitated 
directly from 1 ,uI of 0-M samarium chloride. Evaporation took place at 395” and 
the mass spectrum was in accordance with the structure Sm(Ox),, exhibiting peaks at 
m/e = 584 [1S2Sm(Ox)$], 440 [152Sm(Ox)2+] and 296 Ps2Sm(Ox)+]. The sensitivity 
was sppO = 4-O x 1O-5. 

Neodymium o&ate. There has been some difference of opinion about the 
existence of neodymium oxinate of constant composition although samples corre- 
sponding to the formula Nd(Ox), have been prepared. The complex was not consid- 
ered stable, and so the mass spectrum is of particular interest. Evaporation into the 
source occurred at a temperature of 400”, and the mass spectrum was very complex. 
Among the mass peaks which could be identified were those at m/e = 286 [Nd(Ox)+], 
430 [Nd(Ox),+], 574 [Nd(Ox),+] and 716 [Nd,(Ox),+], but there are also peaks between 
800 and 1050 which could not be positively identified without mass measurement 
but are probably due to Nd,(Ox)$, Nd,(Ox),+ and Nd,(Ox),+. It is not possible to 
say with certainty whether these peaks are due to thermal polymerization at a tem- 
perature of 400” or whether the sample contains polymer. 

A similar spectrum is obtained with dysprosium oxinate. Gadolinium oxinate on 
the other hand provides a simple mass spectrum agreeing with the structure Gd(Ox), 
and exhibiting peaks at m/e = 588 [166Gd(Ox)$] and 444 p66Gd(Ox)$]. Evaporation 
took place at a temperature of 395” from a sample precipitated directly in the eva- 
poration tube by mixing 1 ,uI of 0.1M gadolinium chloride with 1~1 of a 2% solution 
of oxine in ethanol and 1 ~1 of 4M ammonia. The sensitivity s,, = 4-O x 10e5 was 
low owing to the fact that only one isotopic species was being measured. 

When solid lanthanum oxinate was evaporated into the source at a temperature of 
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415” the highest mass peak recorded in the spectrum was at m/e = 427. This corre- 
sponds to the ion La(Ox)$ but this peak could not be used with the integrated ion 
current method because the reference compound provides a mass spectrum with a peak 
at the same m/e value. 

A sample of yttrium oxinate charred on heating to 410” and the mass spectrum was 
found to be very complex. In addition to the molecule ion at m/e = 521 there were 
peaks at higher m/e values up to 1500. This behaviour may be due to thermal polym- 
erization although it has been reported previously that the complex is not stoichio- 
metric. 

Factors influencing instrumental sensitivity 

The sensitivity of the integrated ion current method is dependent on two groups of 
variables, the first group being associated with the sample and the second with the 
instrument. 

Samplefactors. The most important sample characteristic determining sensitivity is 
the sublimation temperature. The method relies on the identification of a moderately 
sharp rise and fall in the ion current at a selected m/e value when the sample is 
lowered into the heating region of the source. If the rate of evaporation is too slow, 
the individual peak heights will be small and separation from the background difficult, 
even though the total integrated ion current as represented by the total area under the 
peaks would still be significant. The measurement of broad low peaks in gas chromatog- 
raphy presents a similar problem. Secondly the sample may decompose on evapora- 
tion, either dissociating or polymerizing so that the intensity at any selected m/e value 
will be lower. Then even if the sample does not decompose it may not always be 
possible to use the most intense mass peak because of superposition of reference 
compound peaks or the unavailability of a suitable adjacent reference compound peak. 
It may thus be necessary to use a sample peak of low intensity with corresponding 
loss in sensitivity. There are two factors which may alter sensitivity and therefore 
reproducibility. It is possible that evaporation of a minor component from a mixture 
may be affected by the nature or state of the matrix. In the absence of such a matrix 
it is still possible that the disposition of the sample within the evaporation tube may 
affect the transient change in source pressure and hence the sensitivity. Neither effect 
has been identified in practice. Finally the metal may have a number of isotopes of 
equal abundance so that the ion current for any specific ionization process is dis- 
tributed over a number of m/e values with corresponding loss of sensitivity since only 
one of the isotopes will be involved. A specific example is that of gadolinium oxinate 
which has low sensitivity for this reason. 

Instrumentalfactors. The A.E.I. M.S.9. read-out is on a Honeywell Brown U.V. 
Recorder which provides a number of simultaneous records at different degrees of 
attenuation. All sensitivities quoted are based upon the least sensitive record, at 
least two orders of magnitude increase in sensitivity being obtainable by using the 
most sensitive record. Because of the problem of calibrating the instrument at the 
higher sensitivity, measurements are first made at low sensitivity. A second factor 
controlling instrumental sensitivity is the electron multiplier gain which is determined 
by the voltage applied to the dynodes. The gain is normally low because of calibration 
difficulties when the instrument is operated at high gain, but a further hundredfold 
increase in sensitivity may be obtained by increasing the electron multiplier gain. 
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The limitation here is the random noise in the instrument. A further increase in 
sensitivity (by a factor of only 3) is possible if the electron beam current is increased 
from the conventional 100 ,uA to 500 PA. Finally there is an apparent gain in sen- 
sitivity if the recorder paper speed is increased, as the area of the peak is then greater. 
However this is not a real gain permitting lower levels of sample size to be measured, 
because the peak height is not increased. At low levels the discrimination against 
noise is given by the peak height and not the peak area. 

We can now make some general observations about the sensitivity for various 
metal chelates. In the case of the first compound studied with this technique, nickel 
dimethylglyoximate, the sensitivity s2ss = 1.07 x 1O-3 was high and when the instru- 
ment was adjusted for maximum performance the sample size could be lowered to 
lo-l2 g for measurements and 10-l* g for detection. This sensitivity can be compared 
with that obtained for an average organic compound of appropriate volatility, p- 
hydroxyphenylethylamine, for the base peak of which slO, = 1.15 x 103. The 
sensitivities for all the metal oxinates studied in this paper are lower than these 
values so that from the point of view of this method of determination oxine may 
not be as satisfactory as other chelating agents. 

Zusammenfassun8-Die Massenspektren der Oximate von Gallium, 
Dysprosium, Beryllium, Samarium, Cadmium, Neodym, Indium, 
Wismut, Lanthan, Yttrium und Gadolinium wurden registriert. 
Die Ergebnisse wurden mit den in der Literatur vorgeschlagenen 
Strukturen in Beziehung gesetzt. Zur Bestimmung von Submikrogram- 
mengen einiger dieser Verbindungen wurde die Methode des integrier- 
ten Ionenstroms angewandt . In organ&hen Lijsungsmitteln unliisliche 
Oximate und solche, die beim L&en Reaktionen eingehen, wurden 
direkt in der Verdampfungskammer geftillt. Es werden die Faktoren 
diskutiert, die die Eignung von Metallchelaten zur Bestimmung von 
Metallen nach dieser Methode bedingen, sowie die die Emptindlich- 
keitsgrenze bestimmenden instrumentellen Einfltisse. 

R&x&--On a enregistre les spectres de masse des oxinates de gallium, 
dysprosium, beryll%rm, samarium, cadmium, nbodyme, iridium, 
bismuth. lanthane, vttrium et gadolonium. Les resultats ont 6tC relies 
aux structures prop&es dans L litterature. On a applique la mbhode 
du courant d’ion inttgre pour determiner des quantites a l’echelle du 
submicrogramme de quelques-uns de ces composes. Les oxinates 
insolubles en solvants organiques ou subissant une reaction en solution 
ont et& precipitts directement dans l’eprouvette d’evaporation. On 
discute des facteurs qui determinent Pint&&t des chelates metalliques 
pour le dosage des metaux par cette mtthode en meme temps que des 
facteurs instrumentaux qui dtterminent la sensibilite finale. 
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ZUR POLAROGRAPHIE DER n-BUTYLZINNCHLORIDE 
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Demokratische Republik 

(Eingegangen am 15. September 1967. Angenommen am 10. Oktober 1967) 

Zusammenfassung-Di-n-butylzinndichlorid (II) und Tri-n-butylzinn- 
chlorid (III) lassen sich neben Mono-n-butylzinntrichlorid (I) bei 
Anwesenheit von Diphenyldithiocarbamat gleichstrompolarographisch 
bestimmen. Die Untersuchungen werden in einer 5-%&en Natrium- 
acetattrihydrat-Methanoll6sung durchgefiihrt, urn die offensichtlich 
zwischen II bzw. III und Diphenyldithiocarbamat gebildeten, poiaro- 
graph&h aktivem “Dithiocarbamate” zu l&en und urn I als Acetat 
zu maskieren. In gewissen Grenzen besteht ProportionalitSit zwischen 
Wellenhiihe und Konzentration. In einem Organozinnchloridgemisch 
wird der Gehalt an I komplexometrisch ermittelt. Tetra-n-butylzinn 
ist in Methanol nahezu unliislich und stiirt die Bestimmungen nicht. 

MONO-n-BVTYLZINNTRICHLORID (I), Di-n-butylzinnchlorid (II), Tri-n-butylzinn- 
chlorid (III) und Tetra-n-butylzinn (IV) lassen sich bekanntlich gravimetrisch, gas- 
chromatographisch,1-3 oszillopolarographisch* oder mit Hilfe der Gleich- bzw. 
Wechselstrompolarographies-lo quantitativ bestimmen. Versuche einer quantitativen 
Ermittlung von I-IV nebeneinander verliefen ergebnislos. So fiihrte die Gleichstrom- 
polarographie weder zu gut ausgebildeten Grenzstrbmen noch zu auswertbaren 
Polarogrammen. Die hier durch I verursachten hohen Maxima fiberdecken die 
Stufen von II und III.8-10 Auch oszillopolarographisch waren maximal nur zwei 
Komponenten, wenn die Konzentration einer dritten konstant gehalten wurde, 
nebeneinander zu bestimmen.4 Nach allem scheint eine polarographische Analytik 
von I-III nebeneinander nur dann miiglich zu sein, wenn eine der Komponenten durch 
Zugabe geeigneter Salze oder Komplexbildner stabilisiert bzw. komplexgebunden 
wird, was eine Trennung der polarographischen Stufen zur Folge haben wiirde. 

Im Zusammenhang polarographischer Untersuchungenverschiedener substituierter 
Organozinn-dithiophosphinate bzw. -dithiophosphorsfiureester” waren gut ausge- 
prQte und in nichtw%Brigen Solventien charakteristische polarographische Stufen zu 
beobachten. Schwefelhaltige Komplexliganden wie Thiocarbons%uren, Dithiophos- 
phinsguren, Dithiocarbonate u.a. liefern in wiiI3riger Lijsung mit Organozinnhalogeni- 
den, hier vor allem I und II, offensichtlich unter Abspaltung von Halogenwasserstoff, 
die entsprechenden Reaktionsprodukte. Diese sind in Wasser unliislich, gut filtrierbar 
und teilweise zur selektiven Abtrennung verschiedener Organozinnhalogenide geeig- 
net. In MethanollGsungen, die Natriumacetat und Diphenyldithiocarbamat enthal- 
ten, ist eine gleichzeitige gleichstrompolarographische Bestimmung von II und III 
neben I miiglich. Natriumacetat verhindert, da13 I die ElektrodenvorgZinge von II 
und III beeinfluI3t. Gut auswertbare polarographische Stufen wurden hier aber nur 
unter Verwendung einer gesgttigten Kalomelelektrode als Gegenelektrode erhalten. 

379 
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Versuche, mit Bodenquecksilber als Gegenelektrode4~D*1’J fiihrten zu negativen 
Ergebnissen. 

Im folgenden sol1 zuntichst ausschliefilich fiber die polarographische Bestimmung 
von I-III berichtet werden. Eine Diskussion iiber den Mechanismus dieser elektro- 
chemischen Reaktion ist fi.ir spiitere Arbeiten vorgesehen. 

EXPERIMENTELLER TEIL 

Die polarographischen Untersuchungen werden mit dem Gleichstrompolarographen PTS 4 im 
Potentialbereich von -0,6 bis -1,6 V-Dtipfung 3, Empfindlichkeit 5 ,uA-durchgeftit. Als Geg- 
enelektrode dient eine ge&@te Kalomelelektrode (SCE). Die Tropfzeit der Kapillare betragt bei 
einer Behalterhiihe von 63 cm 5,2 sec/Tropfen. Als Grundelektrolyt wird eine 5- %ige Liisung von 
Natriumacetattrihydrat p.A. in Methanol p.A. verwendet. Als Komplexbilder fiir die Butylzinn- 
chloride dient eine O&%ige methanolische Diphenyldithiocarbamatl&ung. Das hierfiir verwendete 
Diphenyldithiocarbamat wird nach bekanntem Verfahre9 hergestellt. Die Untcrsuchungen 
werden in einem Kalousekgefg durchgeftihrt. Vor der polarographischen Untersuchung wird 
die M&z&e mehrmals mit Argon sekuriert und dann unter Inertgasatmosphtie Grundelektrolyt, 
jeweilige Substanzprobe und Komplexbildnerliisung zugegeben. 

1. Bestimmung von Monobutylzinntrichlorid,(I), mit Komplexon II14Ja 

Zehn ml einer sauren alkalischen oder alkoholischen Liisung, die I enthat, werden mit 30 ml 
Eisessig und 3 Tropfen einer OJ-%igen wlssrigen Brenzkatechinviolettl16sung versetzt. Bis zum 
Farbumschlag von Rot nach Blau wird festes Natriumacetat zugegeben. Ein ObcrschuR an 
Natriumacetat gestaltet den Titrationsverlauf gi”stig. Zu dieser Lasung 15iOt man eine 0,l his 
0,Olm Lijsung von +omplexon III bis zum Farbumschlag von Blau nach Gelbrosa tropfen. Kurz 
vor Erreichen des Aquivalenzpunktes ist es erforderlich, nach Zugabe jedes Tropfens der Kom- 
plexonlijsung zu rtihren oder zu schiitteln. W&end der Titration ist auf Temperaturkonstanz 
(nicht iiber 20”) zu achten. 

1 ml einer 0,lm Komplexonltisung = 28,22 mg Butylzinntrichlorid. 

2. Bestimmung von Dibutylzinndichbrid,(ZZ), neben ButylzinntrichIorid,(Z), unter Verwendung von 
Thioglykolsiiure 

Ein ml einer Petrol%therliisung von I und II wird mit 10 ml Petrolgther (Sdp. 50-60”) und 
0,2ml Thioglykolsiiure versetzt. Nach Zugabe von 5-1Oml Wasser fiillt das Dibutylzinnthio- 

lykolat aus. Diese wird nach 3 std. Stehen abfiltriert, mit wenig Wasser gewaschen und in 5 ml 
% ther und Methanol quantitativ gel&t. Fi.ir das Au&en des Niederschlages ist es giinstig, ein 
25 ml M&kiilbchen zu verwenden. Der M&kolben wird mit Grundelektrolyt (l- %ige methanolischer 
Lithiumchloridlijsung) aufgefiillt und diese Liisung in einem Kalousekgefu polarographiert. 
Das Kalousekgefti wird auf 25 ml geeicht, um den w&end des Sekurierens verdunsteten Petrol&her 
durch Grundelektrolyt zu erg;inzen. Enthllt die bekannte Substanzprobe O-20% Dibutylzinn- 
dichlorid so ist eine Einwaage von 1 g Substanzgemisch auf 1OOml Petrolgther (Sdp.50-60”) zu 
empfehlen. Von dieser Liisung wird 1 ml, wie beschrieben, ftir die polarographische Untersuchung 
verwendet. Im Falle eirier geringeren Konzentration an II werden 2-5 ml der Petrolltherliisung 
eingesetzt. 

3. Bestimmung von Dibutylzinndichlorid, (II), neben Monobutylzinntrichlorid, (Z), unter Verwendung 
von Diphenyldithocarbomat 

Eid SuL&nzgemisch bekannter Zusammensetzung von II und I (vgl. Eichkurve) wird in einem 
Kalousekgefti mit Grundelektrolytl6sung (5- %ige methanolische Natriumacetattrihydratlasung) 
bis auf 25 ml aufgeftillt. Nach Sekurieren mit Argon werden 2 ml einer 0,4-x-igen methanolischen 
Diphenyldithiocarbamamatliisung zugegeben. Die Reihenfolge dieser Operation ist unbedingt einzu- 
halten. urn eine Umsetzune von I in das entsmechende Acetat zu pewtileisten und urn eine 
vorzeihge Komplexbildung & vermeiden; andeinfalls sind die polarogaphischen Stufen nicht zu 
trennen. Fti die Herstelhmg des Grundelektrolyten ist nur Natriumacetattrihydrat gee&net, da 
die Verwendung wasserfreien Natriumacetats nicht auswertbare Polarogramme liefert. Die 
Polarographie wird in einem Potentialbereich von -0,6 bis - 1,4 V und mit einer Empfindlichkeit 
von 2 ,uA durchgeftihrt. 

Erfassungsgrenze: 0,0037-0,148 mglml II neben O-O,37 mg/ml I mit einer Genauigkeit f3 %. 

4. Bestimmung von Dibutylzinndichlorid (II) und Tributylzinnchlorid (III) nebeneinander 

Wie unter 3. beschrieben, wird ein bekanntes Substanzgemisch von II und III (vgl. Eichkurve) 
in 25 ml 5- %iger methanolischer NatriumacetattrihydratliSsung gel&t und mit 1 ml einer 0,Cproz. 
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E, V 

ABB. l.-Polarographische Stufen von (C,H&SnCI,, 2,6 mg in 25 ml l-%iger 
Lithiumchlorid Methanolliisung, Emp6ndlichkeit 5 PA. 

3- 

a 
a. 

2- 

.-D 

I- 

-0,6 -I,5 

E, V 

A~B. 2.-Polarographische Stufen von (C4Hl)$nClB (II) (3,45 mg) in Gegenwart 
von CdH9SnCl, (I) (4,Ol mg) in 25 ml 5- Xiger Natriumacetat Methanolliisung nach 

Zugabe von 2 ml 0,4- %iger Natriumdiphenyldithiocarbamatl6sung. 

methanolischer Diphenyldithiocarbamatlosung versetzt. Das Reaktionsgemisch wird nach iiblicher 
Verarbeitung in einem Potentialbereich von -0,6 bis -1,6 V bei einer Emptindlichkeit von 5 PA 
polarographiert. Die Empfmdlichkeitsgrenze betriigt 0,00384-0,308 mglml III und 0,00384- 
0,154 mg/ml II mit einer Genauigkeit von A3 %. Als Grundelektrolyt ftir diese Untersuchungen ist 
such l- %ige methanolischer Lithiumchloridlijsung verwendbar. 

5. Bestimmung van Dibutylzinndichlorid, (ZZ), Tributylzinnchlorid, (ZZZ), und Butykinntrichlorid 

Eine Substanzprobe von I, II und III (vgl. Eichkurve) wird wie tiblich in einem Kalousekgefs 
in S%iger methanol&her Natriumacetattrihydratlratliisung gel&t und auf 25 ml aufgeftillt. Danach 
gibt man 1 ml einer 0,4- %ige Methanolli%ung von Diphenyldithiocarbamat zu und polarographiert 
in einem Potentialbereich von -0,6 bis -1,6 V bei einer Emptindlichkeit von 5 PA. Der Gehalt 
an I wird analog 1. ermittelt. 
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Erfassungsgrenze: 0,2 his 4 mg (0,00768-0,154 mglml) II, 0,2 bis 8 mg (0,00786-0,308 q/ml) 
III n&en 4 mg (0,154 mg/m.l) I in je 26 ml L6sung. 

J- 

:. 

L 2- 
.a 

O- 

I 
-0,6 -I,5 

fL v 

ABB. 3.-potarograpbische Stufen von(C~H~)~Sn~~ (II) (i,9Smg) und (CpfIalsSnCl (III1 
(5,85 mg) in 25 ml 5-Qger Nat~~a~~t Me~a~II~su~g nach Zugabe van 1 ml 

O& %iger Natri~~p~~nyldis~g. 

4- 

3- 
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&m. 4.-Polarographische Stufen von (GH&SnCl, (II) (0,59mg) )mdtC,HJ&%KYl (III) 
(6,66 mg) neben C,HpSnCl,(I) (2,OO ms> in 25 ml 53 iger N_aFmmacetat Methanol- 

)&ung nach Zugabe von 1 ml 0,4- % iger Natriumdlphenyl&tiocarbamatlBsung. 

DESKWSSION DER ERGEBNISSE 

Aus &er Mischung van Moue-u-bu~~~~chlo~d (I) ~d~~-~-bu~lzi~dich~~ 
rid err) in Wasser wird nach Zugabe van ~~oglyko~s~~~e und Petrol&her II als Ihio- 
glykolat ausgef2illt. Der Niederschlag wird nach quantitativer Filtration und L&en 
in Methhanol/Ather nach Zugabe von Lithiumchlorid als Leitsalz polarographiert. 
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Man erhSilt fur II eine gut auswertbare Stufe mit dem Halbstufenpotential El,, = 
-0,924 V gegen SCE. Zwischen der Stufenhohe und der Konzentration im Bereich 
von 0 bis 2,77 mg II/25 ml Liisung besteht Proportiona~t~t. 

Im Falle hoherer Konzentrationen von II erfolgt starke Adsorption an der 
Quecksilberoberfhiche, es besteht also hier keine Proportionalitat zwischen der 
Wellenhohe und der Konzentration des Depolarisators. 

Das Filtrat der Mischung enthalt I als Hydrolysat, das in zwei Stufen an der 
Quecksilbertropfelektrode reduziert wird. Es sind zwei gut ausgepragte Wellen zu 
beobachten, deren erste der Konzentration von I proportional ist. Obwohl sich der 
Gehalt von I einer L&sung auf diese Weise ermitteln last, ist es vorteilhafter, I 
neben II komplexometrisch mit Komplexon III quantitativ zu bestimmen.4J2J3 
Stijrungen fiir diese Titration treten durch zu geringe Eisessigkonzentration-sie 
sollte 60% betragen-und durch Zinn(IV)-ionen, die hier miterfal3t werden, auf. 
Die Erfassungsgrenze dieser Methode erlaubt, 6 mg I neben 2 g II quantitativ nach- 
zuweisen. 

Weit gtinstiger verlauft die gleichstrompolarographische Bestimmung von II 
in einem Gemisch mit I unter Verwendung von Diphenyldithiocarbamat statt 
Thioglykolsaure und bei Anwesenheit von Natriumacetat. Letzteres fiihrt das leicht 

lp hydrolysierbare I in das stabilere Acetat tiber, was eine Verschiebung des Haibstu- 
fenpotentials von I zu negativeren Potentialen zur Foige hat. II reagiert mit Natrium- 
diphenyldit~ocarbamat unter Komplexbildung ve~ut~ch zu dem entsprechenden 
Dithiocarbamat, dessen polarographische Stufe sich nun deutlich von der des 
Mono-n-butylzinntrichlorids unterscheidet (vgl. Abb. 2). Die Gehaltsermittlung 
von I wird such hier durch komplexometrische Titration vorgenommen.13 Nach 
dieser Methode waren 0,l bis 4 mg II in 27 ml neben 0 bis 10 mg I in 27 ml mit einer 
Genauigkeit von f 3 % nachzuweisen. 

Auch II und Tri-n-butyl~nnchlorid (III) iassen sich in 5-%iger methano~scher 
Natriumacetatliisung als Grundelektrolyt nach Zugabe von Diphenyldithiocarbamat 
im gewissen Konzentrationsbereich leicht polarographisch nebeneinander bestimmen. 

Bei gleicher Konzentration verhalten sich die Hiihen der polarographischen 
Stufen von II und III wie 29 (vgl. Abb. 3). In den Grenzen von 0,l bis 4 mg II in 
26 ml und 0 ,I bis 8 mg III in 26 ml Grundelek~olyt besteht Proportiona~t~t zwischen 
der Wellenhijhe und der Konzentration von II und III. Es kijnnen such II und III 
neben I polarographisch bestimmt werden, da in Natriumacetat/Methanol und 
Natriumdiphenyldithiocarbamat die Abscheidungspotentiale der Reaktionsprodukte 
von II und III wesentlich positivere Werte aufweisen als das des Acetats von I (vgl. 
Abb. 4). Die vor den Stufen des II und III evti. auftretenden Wellen werden durch 
Hydrolyseprodukte von I verursacht und stiiren keineswegs die Auswe~ung der 
Polarogramme. Enthalt das Methanol sehr wenig Wasser, so werden diese Stufen 
nicht beobachtet. Neben 4 mg I lassen sich nach diesem Verfahren noch 4 mg II und 
8 mg III je 26 ml Gesamtliisung bestimmen. Bis zu dieser Grenzkonzentration von 
I-III resultiert such hier die gleiche zuvorgenannte Proportionalitit zwischen Wellen- 
hijhe und Konzentration. In einem Gemisch von I-III wird der Gehalt von I wie 
tiblich komplexome~isch ermittelt. Tetra-n-buty~nn (IV) stijrt infolge weitgehender 
Unioslichkeit in Methanol die Best&mung von I-III niche. 

Die Moglichkeit einer gleichzeitigen Gehaltsermittlung von IV in I-IV beschrankt 
sich auf den Chlors~ureaufschlu115 und anschliel3ende komplexometrische Titration 
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der Zinn(IV)-ionen. IV 1 3% sich darauf hin nach der Restmethode quantitativ 
bestimmen. 

Anerkennung-Die Untersuchungen wurden auf Anregung des VEB EK Bitterfeld durchgeftihrt; 
wir danken dem Betrieb ftir finanxielle und apparative Untersttitxung. 

Sammary-The determination of di-n-butyltin(IV) dichloride and tri- 
n-butyltin(IV) chloride in the presence of mono-n-butyltin(IV) tri- 
chloride with sodium diphenyldithiocarbamate by d.c. polarography is 
described. The investigations were made in solutions containing 5% 
of sodium acetate trihvdrate in methanol. which dissolves the dithio- 
carbamates of the di-I;-butyl and tri-n-b&y1 compounds and shifts the 
reduction wave of the mono-n-butyl compound to more negative 
potentials. Within certain limits the wave height is proportional to the 
concentration. In a mixture of the organotin chlorides, mono-n- 
butyltin trichloride is determined complexometrically. Tetrabutyltin 
is practically insoluble in methanol and does not interfere in the 
determinations. 

1. 
2. 

:: 

:* 
7: 
8. 
9. 

10. 

::: 
13. 
14. 
15. 
16. 

R&&-Gn d&it le dosage du dichlorure de di-n-butyl&ain(IV) et 
du chlorure de tri-n-butyletain(IV) en presence de trichlorure de 
mono-n-butyl&ain(IV) au moyen de diphenyldithiocarbamate de 
sodium par polarographie en courant continu. I_es recherches ont 
et6 effect&es dam des solutions contenant 5% da&ate de sodium 
trihydrate en methanol, ce qui dissout les dithiocarbamates des 
composes di-n-nutyl et tri-n-butyl et deplace la vague de reduction du 
compose mono-n-butyl vers des potentiels plus negatifs. Dam certaines 
limites, la hauteur de vague est proportionnelle 51 la concentration. 
Dans un melange des chlorures organostanniques, on dose le trichlorure 
de mono-n-butylbtain complexometriquement. Le tetrabutyletain est 
pratiquement tmsoluble en methanol et ne &ne pas dans les dosages. 
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COMPLEXOMETRIC TIT~TION OF CALCIUM IN THE 
PRESENCE OF LARGER AMOUNTS OF MAGNESIUM 

S. TSUNOGAI, M. NISHIMURA and S. NAKAYA 
Department of Chemistry, Faculty of Fisheries, Hokkaido University, 

Hakodate, Japan 

(received 15 August 1967. Accepted 25 Cktober 1967) 

Smamary-A simple and accurate titrimetric determination of calcium 
in the presence of larger amounts of magnesium is proposed. Calcium 
is extracted into a small volume of organic solvent as its glyoxal- 
bis(2-hydroxyanil) complex, and the calcium is titrated with EGTA. 
The end-point is sharp, and occurs when the red colour of the organic 
Iayer vanishes. This method has been successfuliy applied to the 
determ~ation of calcium in sea-water with an error less than 0.1%. ’ 

IN the determination of calcium, the presence of a large amount of magnesium gives 
difficulties. In the field of chemical oceanography, it is necessary to be able to deter- 
mine accurately and rapidly the calcium content of sea-water, in which the molar 
concentration of magnesium is five times that of the calcium. 

Several complexometric methods have been reported for the dete~nation of cal- 
cium in the presence of a large amount of magnesium. In the most common proced- 
ure calcium alone is titrated with EDTA at about pH 13 with Mnrexidel-s or 
Patton-Reeder’s reagent (NIV)4 as an indicator. Sometimes, however, this procedure 
gives large errors owing to co-precipitation of calcium with magnesium hydroxide and 
adsorption of the indicator on the precipitate. Some attempts have been made to 
avoid these errors, e.g., drop by drop addition of EDTA solution,6’6 back-ti~ation,’ 
aging of the precipitate,* addition of alkali after the addition of EDTA equivalent to 
95 % of the calcium,s and addition of tartratelO or sucrosell to prevent the precipitation. 
In the case of sea-water, however, the present authors failed to reduce the error to 
less than O-1 % by using these proposed methods. Although calcium may be deter- 
mined with a high accuracy by titrating it after separation from a mixture by ion- 
exchange chromatography or precipitation as calcium oxalate, the procedure is time- 
consuming. 

When EGTA [ethyleneglycol-bis(2-anzinoethylether)-N,N,N’,N’-tetra-acetic acid] 
is used as the titranW3 instead of EDTA, calcium is selectively titrated in the presence 
of magnesium because of the difference in the stability constants between calcium- 
EGTA (log &_x, = 11-O) and ma~esium-EGTA (log Iir,rZ_xoTd = 5.2). Un- 
fortunately, a selective indicator for calcium has not been available for use at pH 
10, at which magnesium does not precipitate. This problem has been overcome by 
several methods. Calcium may be titrated after masking magnesium with tartaric 
acid,14e16 or magnesium may be titrated while calcium is masked with EGTA.lsJ7 
Indirect indicators such as zinc-Zincon,fa*ls zinc-PANa* or zinc-Murexide21 have been 
used. None of these methods, however, seems to be precise enough to detect subtle 
variations of calcium concentration in sea-water, because the errors are larger than 
0.1%. Culkin and Cox2s adopted a spectrophotometric titration, using zinc-Zincon 
indicator. 

385 
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The present authors have tried to determine calcium directly by a visual titration, 
with high accuracy, in the presence of larger amounts of magnesium. EGTA is used 
as a titrant and GHA ~lyoxal-bis(Z-hydroxya~l~], a sensitive and selective reagent 
for calcium,23 is used as metal indicator% at pH 11.7. If a suitable organic solvent 
is added to the solution, the calcium-GHA complex is extracted quantitatively and 
the interference by the magnesium precipitate formed at this pH is very small. 

EXPERIMENTAL 

Reagents 

EGTA standard ~o~uf~o~. A stock solution, 0*1&f, was prepared by dissolving 38 g of EGTA in 
300 ml of 1M sodium hydroxide and diluting with distilled water to I litre. Aliquots of this solution 
were taken to prepare 10mM and 5mMor more dilute solutions. The EGTA solutions were standard- 
ized against purtizinc or magnesium. 

Borate bu$er. In 500 ml of distilled water were dissolved 10 g of borax, (NagB~O,.10 HaO) and 
30 g of sodium hydroxide. 

GHA solution, 0.05 % in n-propanol. 
n-Butanof or n-amyl alcohol. 
Standard calcium solution. Exactly 1.0309 g of pure caIcium carbonate dissolved in hydrochloric 

acid and diluted to 1 litre after the addition of 13.114 g of magnesium sulphate (MgS0,.7H,O), 
O-0243 g of strontium chloride (SrC18.2Hz0) and 274.67 g of sodium chloride. The solution was 
10.30mM in calcium, 53.20mM in magnesium, 0.091mM in strontium and 470mM in sodium, as in 
sea-water. 

Procedure 

By pipette transfer 20 ml of a sea-water sample into a 100-ml conical beaker and add exactly 
20 ml of torn&f EGTA. Stirring the solution, add 4 ml of 0.05% GHA and 4 ml of buffer solution. 
After stirring for 3 min (with a magnetic stirrer) add 7 ml of n-butanol or 5 ml of n-amyl alcohol, 
extract the red calcium-GHA complex into the organic layer, and titrate with 5mM EGTA solution. 
While adding the titrant, stir the solution vigorously and observe the organic layer occasionally, 
stopping the stirring near the end-point. At the end-point, the colour of the organic layer changes 
from red to colourless. The amount of calcium is evaluated by multiplying the titre by an empirically 
determined correction factor allowing for the ~~~iurn and strontium. 

RESULTS AND DISCUSSION 

As shown in Table I, the relative standard deviation in the determination of calcium 
in a sea-water sample was to.1 %. Small amounts of calcium added to a sea-water 
sample were quantitatively recovered within the limits of analytical error, as shown 
in Table II. 

Efict of other cations 

The effects of the major cationic constituents in sea-water were investigated. 
The results are shown in Table III. 

sodium and potassium. No effects were found in the presence of sodium and po- 
tassium at five times the concentrations in sea-water. 

Magnesium. The presence of magnesium gave slightly lower values for calcium, 
e.g., by O-2 % with the same amount of magnesium as in sea-water, and the same 
decrease was observed with an artificial sea-water containing no strontium. In order 
to eliminate this small but certain error caused by magnesium, it is necessary either 
to reduce the concentration of magnesium to less than @‘7 g/l. or to make an empirical 
correction with the standard calcium solution containing the same amount of magne- 
sium as the sample. The correction factor was +0*23 % for the magnesium in 
sea-water. 
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TABLE I.-Determination of calcium in sea-water sample* 

Sample* 
ml 

9.257mM 4*627smM 
EGTA added, EGTA in titration, 

ml ml 
Ca + Sr found, 

pmole 

387 

20.008 
20+08 
2o+mla 
2O+lO8 
20.008 
20.008 

Average 
Standard 

deviation 

20.002 4.74 207*10 
20.002 4.76 207.1* 
20*002 4.74 207.1,, 
20.002 4.73 207.05 
20.002 4.74 207.1,, 
2oXiO2 4.76 207~1~ 

4.74 207.1% 

0.06 

* The water was sampled from the surface of the Pacific at 38”01’N, 143”58’E 
(salinity = 3458%). 

TABLE II.-Recovery of calcium added to a sea-water sample* 

Recovery of Ca 
Sample, Ca added, Ca + Sr found,? added, 

ml pmole pmole pmole % 

20.008 0.00 207.11 

20.008 1.99 209*09 1.9, 99 rt 7 
2o+lOa 3.98 211.4 3.9, 99 rt 4 
20+X)8 4.98 212.0, 4.94 99 * 3 
20.008 9.95 217.4 9,8, 99 * 2 
2O+lO8 1990 226.8, 19.75 99 & 1 
20.008 49.75 256.gs 49,a1 100.1 * 0.3 

* The sea-water used is the same sample as in Table I. 
t Each of the values is the average of five determinations and the 95 % contid- 

ence limits were ho.10 pmole. 

Behaviuur of strontium. As shown in Table IV, a large portion of strontium added 
to a sample was determined together with calcium and the recovered strontium was 
always lower than the added amount by about 10%. The recovery depended also 
on the concentration of magnesium. When the solution contained no magnesium, all 
of the strontium-GHA complex was extracted into the organic layer and titrated with 
100% recovery. When the concentration of magnesium was as high as 0*25M, no 
strontium-GHA complex was extractable. In the case of sea-water, the effect of 
strontium can easily be allowed for by comparison with an artificial or standard 
sea-water of which the chemical composition has been determined, since the concentra- 
tion of strontium is low and its ratios to calcium and to magnesium are almost con- 
stant. The correction factor was -0.77 % for the strontium in sea-water. Therefore, 
the titre for calcium in sea-water must be corrected by multiplying by a factor of 
0.9946 (to allow for strontium and magnesium). Even taking account of these 
corrections and other factors reducing the accuracy of the calcium titration, it is 
unlikely that the error in the determination of calcium in sea-water exceeds O-1 %. 

Heavy metals. It is unnecessary in the case of sea-water to consider the effects 
of heavy metals, because of their low concentration, but the usual masking agents may 
be used, as shown in Table V. 

3 
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TABLE III.-Titration of calcium in the presence of major cations in sea-water 

Sample, 
ml 

[Metal], 
mM 

Concentration 
factor* 

ICal, 
mM 

10~187mM EGTA 
used, Deviation 

ml % 

20.00 - - 10.30 20.23 

20.00 Na, 2350 5 10.30 20.23 0.0 
20.00 K, 50 5 10.30 20.22 -0.0 
20.00 Mg, 210 5 10.30 19.86 -1.8 
20.00 Mg, 108 2 10.30 20.13 -0.5 
20.00 Mg, 54 1 10.30 20.19 -0.2 
2003 Mg, 27 0.5 10.30 20.23 0.0 

20.00 

20.00 

Artificial sea-water containing 10.30 20.19 -0.2 
no Sr 

Artificial sea-water containing 10.30 20.34 
04!NmM Sr 

* The concentration factor for a metal means the ratio of its concentration in the sample to that 
in sea water. 

TABLE IV.-Recovery of strontium added to a sea-water sample* 

Sample, Sr added, Ca + Sr found, 
ml pmole pmole 

Recovery of Sr 
added 

pmole % 

20.008 0.0 207.18 

20.008 1.6 208~3~ 75 f 12 
20.008 4.0 210.6, 89 zh 4 
20%X)8 8.0 214.2, 1;:: 89 &2 
20.008 12.0 217.6, 

14.0: 
88 f 2 

24WO8 16.0 221.12 88 f 1 
20.008 20.0 2248, 17.64 88 f 1 

+ The sea-water used is the same sample as in Table I. 

TABLE V.-Determination of calcium in the presence of heavy metals 

Sea-water, [Metal] added, 
ml PPm 

2oaO - 

204JO co, 100 
20.00 Cu, 100 
20*00 Fe(II), 100 
20*00 Fe(III), 100 
20.00 Fe(III), 100 
20.00 AL 100 
20.00 Mn, 50 

* TEA = triethanolamine. 

Masking Ca + Sr found 
agent mM 

- 10.36 

KCN 10.36 
KCN 10.35 
KCN 10.34 
KCN 10.33 
TEA* 10.3, 
TEA 10.3, 
TEA 10.3, 
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The metal indicator GHA 

GHA is unsuitable in two respects: since the GHA-calcium complex is rather 
unstable in solution, the titration must be finished as quickly as possible, certainly 
within 20 min, and the development of the colour being slow, the organic solvent 
must be added 3 min after the addition of the indicator and the buffer solution. The 
n-propanol used as the solvent for GHA also facilitates the extraction of the calcium- 
GHA complex, being miscible with n-butanol or n-amyl alcohol as well as with water. 
Methanol or ethanol can also be used. 

CONCLUSION 

If the EGTA solution can be standardized with an error less than 0*05%, the 
error in the determination of calcium in sea-water by this method is less than 0.1%. 
Magnesium in concentration below 27mM does not interfere, and in greater amounts 
may be corrected for by calibration with a standard calcium solution containing a 
known amount of magnesium. Strontium is only partially titrated, but can be corrected 
for. 

The method presented here is not only rapid and accurate but also highly sensitive, 
because calcium is extracted into a small volume of organic phase, and it is, therefore 
possible to determine small amounts of calcium in natural waters. 

Acknowledgement-The authors are indebted to the Ministry of Education for its financial support. 

R~sum&On propose une methode simple et precise de determination 
titrimetrique du calcium en pr6sence de quantites plus grandes de 
magnesium. On extrait le calcium dam un petit volume de solvant 
organique sous forme de son complexe avec le glyoxal bis (2-hydroxy- 
anile) et titre le calcium a I’EGTA. Le point fmal est net, et correspond 
a la disparition de la coloration rouge de la couche organique. On a 
applique cette methode avec succbs au dosage du calcium dans l’eau 
de mer avec une erreur inferieure a 0,1x. 

Zusammenfassung-Eine einfache und genaue titrimetrische Bestim- 
mung von Calcium in Gegenwart gr&erer Mengen Magnesium wird 
vorgeschlagen. Calcium wird in eine kleine Menge organischen 
Lijsungsmittels als Komplex mit Glyoxal-bis(2-hydroxyanil) extrahiert 
und das Calcium mit EGTA titriert. Der Endpunkt ist scharf und 
besteht darin, daD die rote Farbe in der organischen Schicht ver- 
schwindet. Diese Methode wurde mit Erfolg auf die Bestimmung von 
Calcium in Meerwasser angewandt; der Fehler war kleiner als 0,1x. 
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POLAROGRAPHISCHE BESTIMMUNG DES 
SCHWEFELS IN BENZIN 

H. HOLZAPFEL und K. SCH~NE 
Institut fur Anorganische Chemie der Karl-Marx Universitlt Leipzig, 

Deutsche Demokratische Republik 

(Eingegangen am 3. August 1967. Angenommen am 10. Oktober 1967) 

Zusannnenlcassnng-Es wird eine polarographische Bestimmung von 
Gesamtschwefel, elementarem Schwefel, Schwefelwasserstoff, Thiolen, 
Thioiithem, Di- und Polysulfiden und Thiophenen in Benzin beschrie- 
ben. Die Methode ist such ftir die Analyse hiihersiedender Fraktionen 
(his 250”) geeignet. AuBer polarographischen Messungen wurden 
amperometrische Titrationen und voltammetrische Bestimmungen am 
hlngenden Tropfen durchgeftit. Nach Red&ion zu Schwefel- 
wasserstoff sind bei voltammetrischer Bestimmung lo-“% gerade noch 
erf&bar. Ftir die Bestimmung der einzelnen Verbindungstypen 
betragt der kleinste erfal3bare Schwefelgehalt lo-* %. Ftir die Durch- 
fuhrung der Gesamtanalyse wird ein Arbeitsschema vorgeschlagen. 
Die Genauigkeit liegt bei etwa 5 %. 

DIE an Vergaserkraftstoffe gestellten hohen Qualititsansprtiche machen eine genaue 
Analyse der Schwefelverbindungen in Benzinen und Leichtiilen erforderlich. In 
ubereinstimmung mit der Entwicklung neuer Methoden zur Verarbeitung schwefelrei- 
cher Rohstoffe wurde die Analytik der schwefelhaltigen Inhaltstoffe durch Methoden 
bereichert, die neue MaBstibe fur die Genauigkeit und Sicherheit der erhaltenen 
Ergebnisse setzen. l Wir untersuchten, inwieweit es miiglich ist, durch polaro- 
graphische Bestimmungen zuverllissige Ergebnisse bei geringem Zeitaufwand zu 
erhalten. Wir bestimmten elementaren Schwefel, Schwefelwasserstoff, Mercaptane, 
Di- und Polysulfide, Thioiither, Thiophene sowie den Gesamtschwefel in Benzin und 
Leichtiil. 

Geriite 
EXPERIMENTELLER TEIL 

Die polarographischen Messungen wurden mit den Polarographen OH 101 und OH 102 der 
Firma “Radelkis” Budapest (Ungarn) durchgefiihrt. Die von uns verwendete M&zelle (Abb. 1) 
wurde am hiesigen Institut hergestellt, sie l&t3t Messungen in einem Lijstmgsvolumen von 1 bis 15 ml 
zu. Das Bodenquecksilber wird aus einem Reservoir durch den Ansatz 1 in die Zelle gedrtickt. Der 
Ansatz 2 dient der Inertgassptilung der Lissung. Durch den Dreiwegehahn 3 kann such der Raum 
iiber der Losung mit Inertgas versorgt werden, so daB stets unter vijlligem Luftausschl~ gearbeitet 
werden karm. Ein straff sitzender Plexiglasdeckel4 mit drei oder vier Bohnmgen fiir die Einftihrung 
der Tropfelektrode, einer Bezugselektrode, eventuell eines Rtihrers fiir amperometrische Titrationen 
und fti die Zugabe weiterer Liisung schlieBt die Zelle ab. Slmtliche Schlauchverbindtmgen bestehen 
aus Polyathylenschlauch. Zur Beseitigung des gel&ten Sauerstoffs wurde Stickstoff (mit weniger 
als 0,015x SauerstotI) und Argon (mit weniger als 0,02%SauerstotI) verwendet. 

Die voltammetrischen Bestimmungen wurden in der MeDzelle E 69 der Firma “Radiometer” 
Kopenhagen durchgeftihrt. Zur Registrierung dienten die obengenannten Polarographen. 

Bestimmung des Gesamtschwefels 

Die polarographische Best&mung des Gesamtschwefels kann einerseits nach 
Verbrennung der Probe tiber das entstehende Schwefeldioxid vorgenommen 
werden, andererseitstiist such die Hydrierung der Probe und die anschliel3ende 
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ABB. 1. 

Bestimmung des Schwefelwasserstoffs miiglich; diese Methode e&net sich besonders 
fi.ir die voltammetrische Bestimmung sehr geringer Schwefehnengen. 

Bestimmung des Gesamtschwefels nach Verbrennung zu Schwefeldioxid 

Schwefeldiotid wird in saurer Lijsung an der Tropfelektrode zu Sulfoxylat reduziert. In Losun- 
gen mit einem pH < 3,5 wird eine Reduktionsstufe beobachtet, deren Halbstufenpotential pH- 
abhlgig ist. In 0,ln Sal&ure betriigt es -0,39 V (SCE), es verschiebt sich mit steigenden pH urn 
0,06 V/pH nach negativeren Potentialen. Der Diffusionsstrom ist ebenfalls pH-abh%ngig und nimmt 
mit steigender Aciditiit zu. Im Bereich von lo+ bis 1O-8 Mol SO& ist er streng konzentrations- 
proportbnal und kann fti quantitative Bestimmungen ausgewertet werden. Bei pH > 3,5 tritt eine 
zweite Stufe auf. deren Halbstufenootential bei - 1.25 V (SCE) nH-unabhanaie ist. Der ersten Stufe 
entspricht die Reduktion des Schwifeldioxids bzw. des H&O,--Iohs zudithioni~&%ure, die inSOpund 
H$O,disproportioniert, letztere wird wahrscheinlich weiter zu elementaren Schwefel reduziert. Diese 
pH-abhtigigen Nachfolgereaktionen bedingen das Ansteigen des DitIusionsstroms mit steigender 
Aciditat. Die Ausbildung der zweiten Stufe entspricht der Red&ion des prim& durch Red&ion 
entstandenen SO,-Radikals zu Su1foxylat.a 

Durchfiihrung der Bestimmung. Wir verbrannten die Probe nach Gupta8 in einem Verbren- 
nungsrohr, in dessem Ende sich Kupfergaze befand, urn zum Teil gebildetes Schwefeltrioxid zu 
reduzieren. Die Verbrennungsgase wurden in 5 ml 0,ln Natriumhydroxidlosung aufgefangen, die 
vorher 10 min mit Stickstoff entltiftet wurden. Diese Liisung wurde mit 1 ml 0,5n Salzsaure neutrali- 
siert und mit Britton-Robinson-Pufferlosung (pH = 2,0) auf 10 ml aufgeftillt und zwischen -0,2 
und - 1,O V (SCE) polarographiert. Die Konzentration wird einer Eichkurve entnommen, die durch 
Verbrennung einiger organischer Schwefelverbindungen bei gleicher Arbeitsweise erhalten wurde. 
Die Genauigkeit dieser Analyse betrigt &2%. 

Bestimmung des Gesamtschwefeis tuxh Hydrierung 

Schwefelwasserstoff ergibt in neutraler und saurer Lasung eine anodische Stufe, die der Reaktion des 
Elektrodenquecksilbers mit Schwefelwasserstoff entspricht. 
reproduzierbar. 

Der Diffusionsstrom ist nur ungeniigend 
In alkalischer Liisung h%t sich dagegen Sulfid sehr gut polarographisch bestimmen. 

Es tritt eine anodische Stufe auf, die auf der Bildung von Quecksilbersulfid beruht . Das Halbstufen- 
potential ist pH-abhiingig und liegt in 0,ln Natriumhydroxid bei -0,765 V (SCE). Der Elektroden- 
prozeB ist viillig reversibel. Die Form der Stufe entspricht einer zweielektronigen-Reaktion. Der 
Diffusionsstrom ist streng konzentrationsproportional. Die kleinste nocheinwandfreizubestimmende 
Sultidkonzentration ist etwa 10-O Mel/l. Bei hiiheren Konzentrationen als 1O-s Mel/l beobachteten 
wir eine Aufspaltung der Stufe, wobei die positivere Stufe sich auszubilden beginnt, wenn die negativere 
einen bestimmten (von den Kapillarkonstanten abhangigen) Wert erreicht. Die Hiihe der negativeren 
Stufe bleibt dann such bei weiterer Erhiihung der SulBdkonzentration konstant. Der Gesamt- 
diffusionsstrom ist such hierbei der Konzentration proportional. Ftir die Elektrodenreaktion ergibt 
sich folgende Gleichung 

HS- + OH- + Hg + HgS + HBO $ 2e-. 
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Das Auftreten der positiveren Stufe bei hiiherer Depolarisatorkonzemration in Natronlauge erkhirt 
sich unseres Erachtens durch die Bildung eines Sulfidokomplexes an der Tropfelektrode, bei etwas 
positiveren Potentialen bildet dieser mit der potentialbedingt grbBeren Quecksilberionenkontration 
an der Elektrodenoberflache wiederum Quecksilbersuhid. Dieser Stufe entspricht die Reaktions- 
gleichung 

Hg + [H&Ix- + 2HgS + 2e-. 

Darckfiikrang der Bestimmurg. Die Hydrierung des organisch gebundenen Schwefels kann mit 
Wasserstoff am Platinkontakt oder nach Granatelli” mit Raney-Nickel durchgeftlhrt werden. Tabelle I 
z&t einige nach Hydrierung mit Raney-Nickel erhaltene Ergebnisse. 

2 g Raney-Legierung werden im Titrierkolben in kleinen Portionen unter kraftigem Riihren 
in 5Oml 4n Natriumhydroxid gegeben. Nach Beendigung der Wasserstoffentwicklung wird die 
tiberstehende Natronlauge abdekantiert und der Katalysator zweimal mit Wasser gewaschen und 
unter 50 ml Athanol aufbewahrt. Unter diesen Bedingungen behllt der Katalysator seine Aktivitlt 
etwa 10 Tage, die Menge.reicht ftir 10 Bestimmungen. Je nach dem zu erwartenden Schwefelgehalt 
werden l-6 g Benzin mit Athanol auf 10 ml aufgeftillt, dann werden 5 ml KatalysatoraufschHmmung 
zugegeben und das Gemisch in einem %-ml Kiilbchen unter Stickstoffatmosphare geriihrt und auf 
60” erwlrmt. Nach 15 min werden 10 ml In Salzslure zugegeben turd die Liisung beim Sieden 
gehalten. Der entweichende Schwefelwasserstoff wird in 10 ml 0,ln Natriumhydroxidliisung, die 
vorher mit Stickstoff gesptilt wurden, aufgefangen und zwischen -0,5 und -1 V polarographiert. 
Die Suhidkonzentration wird einer Eichkurve entnommen, die mit Natriumsulfidlbsungen, besser 
jedoch mit unter gleichen Bedingungen verarbeiteten Testsubstanzen aufgenommen wurde. 

Voltammetriscke Suljidbestimmung 

Die hohe Reversibilitlt des Elektrodenprozesses bei der Reaktion von Quecksilber und SulBdionen 
gestattet, diese Reaktion such voltammetrisch am hlngenden Quecksilbertropfen zu verfolgen. Die 
wie oben vorbereitete Liisung mit einer Hiichstkonzentration von 1OeL Mel/l HS- in 0,ln Natrium- 
hydroxid wurde in die MeBzelle gebracht. Die Anreicherung wurde bei -0,2 V (SCE) durchgeftihrt, 
die Anreicherungszeit zwischen 30 und 600 set gew%hlt, die Drehzahl des Riihrmotors betrug durchweg 
3000 mm-l. Die Gr613e des Quecksilbertropfens wurde auf 4-7 mg eingestellt, das entspricht einer 
Elektrodenobertlache von 2 bis 3,2 mm*. Die Registriergeschwindigkeit lag bei 250 mV/min. Mit 
der Registrierung wurde konstant 2 min nach Beendigung der Anreicherung begonnen. Der kathodi- 
sche Strompeak ist der Konzentration und der Anreicherungszeit proportional. Die Reproduzier- 
barkeit der Ergebnisse ist im Konzentrationsbereich lo-’ bis lo-’ Mel/l gut, die Genauigkeit betragt 
etwa 1,5 %. Bei kleineren Konzentrationen wird der Fehler erheblich groger und betriigt im lO-# m- 
Bereich oft mehr als 20 %. 

Bestimmung des Schwefels einzelner Verbindungstypen 

Im folgenden werden die am haufigsten auftretenden Verbindungstypen des 
Schwefels in Benzin und Leichtol auf ihre polarographische Bestimmbarkeit unter- 
sucht. 

Bestimmung des elementaren Schwefels 

Gerber6 und Halls fiihrten polarographische Bestimmungen von elementarem 
Schwefel in Erdiilfraktionen durch. Gerber arbeitete in schwefelsaurer iithanolischer 
Lijsung und erhielt Stufen mit einem Maximum und einem folgendem Minimum. 
Der Schwefelgehalt wurde aus dem Diffusionsstrom im Minimum nach einer empiri- 
schen Gleichung bestimmt. Hall verwendete als Liisungsmittel Benzol-Methanol- 
Gemische mit Acetatpuffer als Leitelektrolyt. 

Wir untersuchten verschiedene Liisungsmittelgemische und eine ganze Anzahl 
Leitelektrolyte auf ihre Anwendbarkeit, wobei auf gentigende Lijslichkeit der Probe, 
gute Leitfahigkeit, gut ausgebildete Stufen und minimalste Storungen durch andre 
Schwefelverbindungen Wert gelegt wurde. Am besten haben sich Pufferlosungen mit 
einem pH von 4,5 bis 6 bewahrt. Als geeignetste Lbsungsmittel erwiesen sich Athanol- 
Isobutanol-, Ethanol-Dioxan- und Methanol-Benzol-Gemische, letztere besonders 
wegen der Moglichkeit, in derselben Grundlosung such Thiole und Di- bzw. Poly- 
sulfide bestimmen zu kijnnen. Das Halbstufenpotential der Reduktionsstufe des 
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elementaren Schwefels lie@ in Methanol-Benzol-Wasser (65: 30: 5), das 0, In an 
Acetatpuffer ist, bei -0,62 V (SCE). Mit steigender Acid&t verschiebt sich die 
Stufe zu positiveren Potentialen. Die Elektrodenreaktion ist irreversibel. Der 
Diffusionsstrom ist in engen Konzentrationsbereichen der Konzentration an freiem 
Schwefel proportional, iiber einen griiSeren Konzentrationsbereich weicht er von der 
linearen Konzentrationsproportionalitit ab (Abb. 2). 
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ABB. 2. 

In neutralen und alkalischen LSsungen werden unstetige DilTusionsstriime erhal- 
ten, die in keinem Falle reproduzierbar waren, weil bei der Reduktion infolge zu 
geringer Wasserstoffionenkonzentration Polysulfidionen entstehen, deren weitere 
Reaktion sehr langsam verlluft. Die Bildung von Quecksilberpolysulfid an der Trop- 
fenoberfiche erschwert dariiberhinaus die Durchtrittsreaktion weiterer Schwefel- 
molekiile. 

Wir stellten eine Lijsung staubfeinen monoklinen Schwefels in n-Hexan her, ihre Konzentration 
war genau lO+ Mel/l. Es wird 0,1-l ml dieser Liisung mit Elektrolytlbsung (0,OSn Acetatpuffer 
in Methanol-Benzol-Wasser; 65:30:5) auf 25 ml aufgefiillt, und 10 ml davon in der Meazelle 
10 Minuten mit Inertgas gespiilt, das vorher in einer vorgeschalteten Waschflasche mit Liisungsmittel 
gesgttigt wurde. Dann wurde zwischen -0,2 und - 1,2 V (SCE) gegen eine gesgttigte wlissrige 
Kalomelelektrode polarographiert. Die Eichkurve ist keine Gerade (Abb. 2), die Ergebnisse sind 
aber gut reproduzierbar. Diese Eichkurve wurde von uns zur Bestimmung des elementaren Schwefels 
in Benzin und LeichtGl verwendet. Die Stufe des elementaren Schwefels wird nur von aromatischen 
Disultiden und Dithiolen gestSrt, die aber in Benzinen kaurn vorhanden sind. 

Bestimmung von Schwefelwasserstoff und Thiolen 

Nach Gerber’ ergeben aliphatische Thiole in Bthanolischer LGsung (0,025n an 
Schwefels%ure) zwei anodische Stufen, von denen eine analytisch verwertbar ist. 
Von Zumar# wurden zahlreiche polarographische Bestimmungen der funktionellen 
Gruppe -NH-CS-NH vorgenommen, deren polarographische Aktivittit auf die 
Tautomerie 

-N-C-N- + -N=C-N- 

I II I I I 
H S H HS H 
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und damit auf die Sulfhydrilgruppe zuriickzufiihren ist. Wir polarographierten 

Methan-, Athan- und n-Butanthiol in wHssrigen und alkoholischen Ltisungen. Bei 

Konzentrationen von iiber lo4 Mel/l. bildeten sich zwei Stufen, deren Gesamthiihe 
konzentrationsproportional ist. Die im positiveren Bereich liegende Stufe erscheint 
erst bei Konzentrationen von iiber lo4 Mel/l., wghrend die negativere Stufe bei 
dieser Konzentration einen konstanten Grenzwert erreicht. Die Halbstufenpotentiale 
sind pH-abhtingig, das HSP der negativeren Stufe ist such konzentrationsabhiingig. 
Innerhalb der homologen Reihe der Alkanthiole werden die Halbstufenpotentiale mit 
grbl3eren Alkylresten nach positiveren Potentialen verschoben. Die Thiole werden 
dabei nicht oxidiert, es bilden sich Mercaptoverbindungen des Quecksilbers. Bis zu 
einer bestimmten Konzentration-deren Gr613e von den Kapillarkonstanten der 
Tropfelektrode abhiingt-werden Verbindungen gebildet, die an der Elektrode 
adsorbiert werden und die negativere Stufe hervorrufen. Bei hiiheren Konzentratio- 
nen werden Verbindungen gebildet, die von der Elektrode weggefiihrt werden. Als 
Grundelektrolyt zur quantitativen Bestimmung der Thiole in Kohlenwasserstoffen 
kann die gleiche GrundlGsung wie zur Bestimmung des elementaren Schwefels ver- 
wendet werden. Die Halbstufenpotentiale liegen zwischen -0,4 und -0,5 V(SCE). 
Die Diffusionsstriime der einzelnen Thiole sind bei gleichen Konzentrationen etwa 
gleichgroI3, jedoch wesentlich kleiner als der Diffusionsstrom der Sulfidionen. Da die 
Sulfidstufe aber im gleichen Potentialbereich liegt, kijnnen Thiole neben Schwefel- 
wasserstoff nicht polarographisch bestimmt werden. Selbst fiir die Bestimmung der 
Summe von Schwefelwasserstoff und Thiolschwefel kann aus dem Polarogramm 
hiichstens eine grbfienordnungsm%Bige Abschltzung erfolgen. Bei sehr geringen 
Konzentrationen, bei denen die Thiole nur eine Stufe bilden, ist eine Bestimmung 
der Summe von Schwefelwasserstoff und Thiolschwefel miiglich, weil sich an der 
Tropfelektrode ein Mercaptoquecksilberion bildet, das entladen und absorbiert wird, 
so da13 der Thiolschwefel die gleiche Menge Quecksilber bindet wie der Sulfidschwefel. 
Die Elektrodenreaktion verlfiuft wie folgt 

RSH + Hg----+ RSHg+ + H+ + 2e- 

RSHg+ + e- + RSHg 

Wegen der verschiedenen Diffusionsstromkonstanten fiir Thiole und Schwefel- 
wasserstoff ist es vorteilhafter, die Bestimmung durch amperometrische Titration 
durchzufiihren; dann jedoch nicht in Methanol-Benzol-LSsung, sondern in gthano- 
lischer L8sung. 

Es wird 0,l bis 1 ml der Probe (wir verwendeten eine Liisung von Schwefelwasserstoff und &than- 
thiol in n-Heptan) werden in 10 ml 8thanolischer Tetra3ithylammoniumhydroxidl~sung (O,OSn), 
die vorher sauerstofffrei gemacht wurden, gel&t. Bei einem Potential von -1 V (SCE) wurde 
unter mtiigem Riihren mit 0,OOSn Quecksilber(II)nitrat-lijsung titriert. Nach Zugabe .yon jeweils 
0,l ml Titerliisung wurde der Diffusionsstrom aufgezeichnet. Nach uberschreiten des Aquivalenz- 
punktes steigt der Strom doppelt schnell an, die Genauigkeit betrlgt etwa 6%. 

Da der Gehalt an Schwefelwassexstoff und Thiolen in Ben&en im allgemeinen sehr gering 
ist, kann auf diese Weise die Summe beider Schwefeltypen bestimmt werden. Sind die 
vorliegenden Mengen jedoch griifler, so muf3 eine getrennte Bestimmung erfolgen. Wir ftihrten die 
Bestimmung ebenfalls amperometrisch durch. Ein aliquoter Teil obiger L4sung wird nach Ansiiuren 
mit einem Tropfen verd. Sal&ure mit gthanolischer Kadmiumnitratliisung (0,005 m) titriert. 
Dabei wird nur Schwefelwasserstoff erfaljt, die Summe von Thiolen und Schwefelwasserstoff wird im 
anderen Teil der Liisung durch Titration mit &thanolischer Silbernitratlcsung (0,002n) bestimmt. 
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Bestimmung von Disulf?den 

Wghrend in den leichtsiedenden Benzinfraktionen in der Regel keine Disulfide zu 
erwarten sind, mu13 mit ihrer Gegenwart trotzdem gerechnet werden, weil sie durch 
die leichte Oxydierbarkeit der Thiole entstehen konnen. In ~mkeh~ng dieser 
Bildung kiinnen sie an der Tropfelektrode wieder zu Thiolen reduziert werden. Der 
Elektrodenprozeh ist eindeutig irreversibel, in Anwesenheit anderer Schwefelverbin- 
dungen kann es zu Neben- und Nachfolgereaktionen kommen, die die Reproduzier- 
barkeit des Diffusionsstroms beeintrlchtigen. Die Halbstufenpotentiale einiger 
Disulfide wurden von Hall6 und Co&.&mans in einigen LGsungen bestimmt. Mit 
steigendem pH-Wert der Grundliisung werden die Stufen zu negativeren Potentialen 
verschoben. Ihre Diffusionsstriime sind stark vom Widerstand und von der Wasser- 
konzentration der GrundlSsung abhangig. Mit steigendem Wassergehalt werden die 
langgezogenen Stufen besser auswertbar, jedoch sinkt dabei die Liislichkeit des 
Kohlenwasserstoffs stark ab. In alkalischen LZjsungen erreicht der Diffusionsstrom 
seinen Grenzwert erst nach beginnender Reaktion der ~undl~sung. Am besten haben 
sich Pufferlijsungen bewart, die etwa 10% Wasser enthalten und einen pH von 7-9 
haben. In der zur Bestimmung des elementaren Schwefels, Schwefelwasserstoffs und 
der Thiole verwendeten Losung Methanol-Benzol-Wasser (65 : 30 : 5)) die als Grund- 
elektrolyt Acetatpuffer (pH = 6) enthglt, erhielten wir eine langgezogene flache 
Stufe, die bei -0,90 V beginnt und bei etwa - 1,4 V(SCE) ihren Grenzwert erreicht. 
Die Genauigkeit betrHgt etwa 10 %. Bessere Ergebnisse erhielten wir in alkoho~scher 
Tetra~~ylammoni~per~hlora~~sung, jedoch kann diese Lbsung nur bei Abwesen- 
heit elementaren Schwefels verwendet werden. 

Einige Autorenl”*ll halten die amperometrische Bestimmung der durch Reduktion 
der Disulfide erhaltenen Thiole fiir die genaueste Bestimmungsmethode fur Disulfide, 
j edoch macht diese Arbeitsweise die Abtrennung aller anderen Schwefel-Verbind~gen 
erforderlich, was sehr aufwendig ist und kaum vollstindig gelingen diirfte. Bei 
Anwesenheit anderer Schwefelverbindungen werden die Ergebnisse vBilig unzuverl& 
sig. Da such die Disulfidkonzentrationen in leichtsiedenden Fraktionen sehr gering 
sind, ist die direkte polarographische Bestimmung die geeignetste. Als Eichsubstanzen 
verwendeten wir n-Hexanl(isungen von Diiithyl- und Dibutyldisulfid. 

Best~mmung der Thio~ther 

Lukjaniza und Girina12 erarbeiteten eine Methode zur potentiometrischen Sul- 
fidbestimmung in Erdalprodukten, nach der Prinzler und Toufar13 gute Ergebnisse 
bei der Untersuchung sowjetischer Erdiile erhielten. Ffir Ltisungen, deren Sulfidge- 
halt kleiner als 0,05 % ist, konnten wir bei potentiometrischer Endpunktbestimmung 
keine zuverl&sigen Resultate erzielen. Wir versuchten, die gleiche Reaktion ampero- 
metrisch zu verfolgen. 

Amperometrische Thioiitherbestimmung 

In der von Lukjaniza zur potentiometrischen Bestimmung der Thioiither mit 
Jodat vorgeschlagenen Grundliisung (35 ml Benzol, 60 ml Eisessig, 5 ml SalzsSiure) 
erhielten wir bei amperometrischer Titration nur ~befriedigende Ergebnisse. In 
Analogie zur Reduktion des Nitrations, die bei Gegenwart mehrwertiger Kationen 
erleichtert wird (Rylich14) und demzufolge bei positiveren Potentialen eine Reduk- 
tionsstufe gibt, Bnderten wir die Grundlosung, indem wir den Eisessiganteil durch 
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Methanol und die als Elektrolyt fungierende SalzsSiure durch Calciumchlorid ersetzten. 
Dieser Lijsung wurde vor jeder Bestimmung ein Tropfen methanolischer Cernitrat- 
liisung zugesetzt. Dem Verbrauch an Titerlosung entsprechend verlguft die Reaktion 
nach der summarischen Gleichung 

2 RSR + KJO, + CaCI, + H,O + 2 RSOR + KC1 + JCl + Ca(OH), 

Tabelle II zeigt, da8 die erhaltenen Ergebnisse bei Anwesenheit von Thiolen befriedi- 
gend sind. Thiophen wird zum Teil mitoxydiert, bei seiner Gegenwart fallen die 
Suhidwerte zu hoch aus. 

Es wird 1 ml Analysenprobe in 10ml Grundlijsung (30ml Benzol, 65ml Methanol, 5 ml 
0,5m Calciumchloridliisung) gel&t. 
Cer(III)-nitrat-Losung zugegeben. 

Dieser Losung wird em Tropfen 0,lm methanolischer 
Bei einem Potential von -0,5 V (SCE) wird nach Zugabe von 

jeweils 0,l ml 0,Oln Kaliumjodat in Methanol-Benz01 (2: 1) der Diffusionsstrom registriert. 

Thiolitherbestimmung an der rotierenden Platinelektrode 

An der Tropfelektrode zeigen die Thioather im gesamten zugtinglichen Potential- 
bereich keine Reaktion. Die Oxydation zu Sulfoxiden und Sulfonen erfordert starke 
Oxydationsmittel. Das Oxydationspotential solcher Reaktionen ist positiver als das 
Redoxpotential des Quecksilbers, so da13 diese Reaktionen an einer Quecksilber- 
elektrode nicht verfolgt werden kijnnen. Nicholson15 oxydierte ThioBther an einer 
stationgren Platinelektrode zu Sulfoxiden. Wir versuchten, eine polarographische 
Bestimmungsmethode such fur sehr geringe Sulfidmengen an einer rotierenden Platin- 
elektrode zu finden. Wir verwendeten zur Messung die Elektrolysezelle E 69 (Radio- 
meter). Ein in Glasrohr eingeschmolzener Platindraht wurde in den Riihrmotor 
eingefiihrt, die Stromabnahme erfolgte tiber einen Schleifkontakt. Als Grundliisung 
verwendeten wir Methanol-Benzol-Wasser-Gemische mit SalzsZiure als Leitelektro- 
lyt. Als Bezugselektode diente ein Silberstab, der unter den gegebenen Bedingungen 
das reproduzierbare Potential einer Silber-Silberchloridelektrode annimmt. 

Die Oxydation beginnt bei 0,85 V. Da bereits bei 0,95 V die Oxydation des 
Chlorids einsetzt, wird nur bei sehr geringen Sulfidkonzentrationen ein Grenzstrom 
ausgebildet; meist geht die Sulfidstufe in die des Chlorids tiber, kann aber von dieser 
leicht subtrahiert werden, wenn vor der Sulfidbestimmung such stets die “leere” 
Liisung polarographiert wird. Die Bestimmung wird durch keine andere Schwefelver- 
bindung gestort. Der Diffusionsstrom ist im Bereich 1O-g bis 1O-s Mel/l. der Kon- 
zentration linear proportional, die Genauigkeit betrggt 2%. Bei der Analyse von 
Benzin mu13 jedoch mit einem griiljeren Fehler gerechnet werden, weil der Diffusions- 
koel%zient der verschiedenen Thioather nicht konstant ist. Die DiffusionsstrSme 
sind etwa der sechsten Wurzel des Molekulargewichts umgekehrt proportional. Als 
Eichsubstanz verwendeten wir Thiophan, das in Benzin oft Hauptvertreter der Thio- 
Hther ist, dessen Diffusionsstromkonstante mit der des Diathylsuhides, eines ebenfalls 
hgufig auftretenden Thiogthers, tibereinstimmt. 

Es wird 10 ml Grundltisung (50 ml Methanol, 50 ml Benzol, 1 ml konzentrierte Salzsaure) von 
0,6 V ab nach positiveren Potentialen polarographiert. Dann werden 0,1-l g der Probe zugegeben 
und erneut polarographiert. Die Thioatherstufe wird durch Subtraktion des Grundstroms von Dif- 
fusionsstrom der Probeltjsung erhalten. Bei Verwendung von Dimethylsulfoxid als Liisungsmittel 
und Tetraathylammoniumperchlorat als Leitsalz werden Stufen mit gut ausgebildetem Grenzstrom 
erhalten, Perchlorslure selbst kann ebenfalls als Leitelektrolyt verwendet werden. Die Thioather- 
konzentration wird einer Eichkurve entnommen, die mit Thiophan als Eichsubstanz erhalten wurde. 
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Bestimmung der Thiophene 

Jaworski und Bogaczek16 fanden eine Methode zur polarographischen Thiophen- 
bestimmung in Kohlenwasserstoffen. Thiophen wird mit Wasserstoffperoxid zum 
Thiophen-1 ,1-dioxid oxydiert, das tiberschtissige Wasserstoffperoxid zerstort und 
das entstandene Dioxid an der Tropfelektrode reduziert. Das Halbstufenpotential 
liegt bei - 1,4 V (SCE). Bei der Oxydation mit Wasserstoffperoxid werden zwar alle 
anderen Schwefelverbindungen ebenfalls oxydiert, jedoch sind die entsprechenden 
Oxydationsprodukte (Schwefel, Sulfat, aliphatische Sulfone und Sulfoxide) an der 
Tropfelektrode nicht reduzierbar, bzw. ist ihr Reduktionspotential (elementarer 
Schwefel) von dem des Thiophen-1 ,l-dioxids wesentlich verschieden. Die Methode 
ist empfindlicher und genauer als die von Strombergl’ vorgeschlagene amperometrische 
Titration mit Quecksilbersulfat und verzichtet auf die Abtrennung der Thiophene. 

Es werden 0,2 bis 1 g Benzin in 20 ml Dimethylsulfoxid gel&t. Nach Zugabe von 0,2 ml Perhydrol 
wird die Losung eine Stunde am Riickflu8 im siedenden Wasserbad erhitzt. Nach rascher Abktihlung 
wird der Losung 1 ml einer salzsauren 15%igen Titan(III)-chloridlGsung zugeftigt. Die stark gelb- 
gefarbte Losung wird mit Tetratithylammoniumhydroxidl6sung bis zur schwach alkalischen Reaktion 
verse&t, wobei Titanperoxidhydrat ausfallt. Nach Abtiltrieren des Niederschlags wird die Liisung 
mit 0,ln Tetraiithylammoniumperchloratliisung in Dimethylsulfoxid auf 50 ml aufgefiillt und em 
aliquoter Teil nach Beliiftung mit Stickstoff zwischen - 1,O und - 1,8 V (SCE) polarographiert. Alle 
Operationen nach Unterbrechung der Oxydation am RtickiluB mtissen rasch erfolgen, urn das Polaro- 
gramm stets nach h&h&ens 20 min nach Abbruch der Oxydation aufnehmen zu k&men. Die genaue 
Einhaltung einer konstanten Zeit zwischen Oxydationsabbruch und Polarographieren ist wegen der 
Zersetzlichkeit des Thionhen-l,l-dioxids erforderlich. Die Konzentration des Thionhens wird einer 
Eichkurve entnommen,’ die m& einer athanolischen Thiophenlosung unter gleichkn Bedingungen 
aufgestellt wurde. 

Gruppenanalyse der Schwefelverbindungen 

Wahrend zahlreiche Arbeiten i.iber die Anwendung von Gruppenreagentien 
berichten, die leider durchweg nicht selektiv sind, orientierten wir uns auf die Arbeiten 
von KarchmerlO und Lukjaniza ,l die auf die Notwendigkeit der starkeren Beachtung 
physikalisch-chemischer Methoden hinweisen. Die polarographische Methode ist zur 
Schwefelbestimmung geeignet, weil sich die meisten Schwefelverbindungstypen 
einfach und selektiv bestimmen lassen wobei die Kohlenwasserstoffe selbst-such 
etwa vorhandene ungesattigte Kohlenwasserstoffe-polarographisch inaktiv sind 
und somit keine der angefiihrten Bestimmungen stiiren. In der folgenden 
tfbersicht ist ein Vorschlag fur einen Analysengang gemacht, der sich ausschliefilich 
der polarographischen und amperometrischen Bestimmung der einzelnen Verbin- 
dungstypen des Schwefels bedient. 

ERLAUTERUNGEN ZUR POLAROGRAPHISCHEN GRUPPENANALYSE 

1. Gesamtschwefelbestimmung 

1.1 

1.2 

nach Verbrennung der Probe 

1.1.1 Die Verbrennungsgase werden in 5 ml 0,ln Natriumhydroxid aufgefangen, 1 ml 0,Sn 
Salzslure und 4 ml Britton-Robinson-Puffer (pH 2 bis 3) zugegeben und polarographiert ; 
oder nach 

1.1.2 in 10 ml Losung I aufgefangen und polarographiert. Bei sehr kleinen Schwefelgehalten 
ist die Bestimmung 1.1.1 in 0,ln Salzsaure wegen der ffberhijhung des Grenzstroms 
empfindlicher. 

nach Hydrierung 

Die Hydrierung der Probe kann am Platinkontakt oder mit Raney-Nickel erfolgen. In 
jedem Falle werden die Hydrierungsprodukte in 0,ln Natriumhydroxid aufgefangen und nach 
1.2.1 polarographisch oder nach 
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Schema zur Schwepelgruppenanalyse 

1 ( y- I I I 
Ausgongsprobe ’ Gesamtschwefel I” wzssriger 

L6sung 

I.1 2 

42 polarogroph~sch 
- 

3 r 
Thioiither 

2 
H&R-SH.S,R-SS-R 

21 22 23 24 

beI Abwesenh be1 Abwesenh be1 Abwesenh beI hohen 
“on H,S “on R-SH “0” S,krn R-SS-R-Geholt 

2 3.1 
2” ’ R-S,, 221 H,S --j HzS 

2.1.2 2.2.2 2.3 2 

qx_R; d3RS;;;_R ; ;;yyyR ; 

1.2.2 voltammetrisch am h;ingenden Tropfen bestimmt. 
1.2.3 Bei der amperometrischen Tritation mit 0,005~ Silbernitrat muB die Liisung vor der 

Titration mit verdtinnter Salpetersiiure neutralisiert und mit Natriumbicarbonat 
gepuffert werden. 

2. Bestimmung volt elementaren Schwefel, SchwefeIwasserstofl, Tkiiolen und Disuljiden 

Es wird die Probe in Lijsung II gel&t und zwischen 0 und -1 V (SCE) polarographiert. Das 
Polarogramm zeigt folgende Stufen: 

-0,4 bis -0,5 V (SCE): HBS und R-SH 

-0,62 V (SCE): &rem. (u. eventuell Polysultide) 

-1,O bis -1,6 V (SCE): Disulfide 

Die Losung wird auf Anwesenheit von HIS und R-SH geprtift; 
2.1 bei Abwesenheit von H,S wird das Polarogramm (gegebenenfalls mit grBI3erer Emplindlich- 

keit) erneut aufgenommen und aus obigen Stufen 
2.1.1 Thiolschwefel, 
2.1.2 elementarer Schwefel und 
2.1.3 Disulfidschwefel 

gegen entsprechende Eichkurven bestimmt. 
bestimmt werden: 

Thiole kiinnen such amperometrisch 
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2.1.1 0,5 ml der Probe werden in 10 ml Liisung III gel&t und mit Losung IV bei -1,O V 
(SCE) titriert. 

2.2 Bei Abwesenheit von RSH entspricht die erste Stufe bei -0,4 V der H,S-Konzentration. Die 
Bestimmung von H,S kann entsprechend 2.1 durchgeftihrt werden. Die Bestimmung von 
elementaren Schwefel und Disulfiden ist analog 2.1.2 und 2.1.3 

2.3 Bei gleichzeitiger Anwesenheit von HIS und R-SH: 
2.3.1 H$ wird durch Lijsung V amperometrisch titriert. 
2.3.2 Durch Titration mit Liisung IV wird die Summe von H,S und R-SH bestimmt, durch 

Subtraktion der H,S-Konzentration wird der R-SH-Gehalt ermittelt. 
2.3.3 Bei Abwesenheit von elementaren Schwefel wird Disulfid vorteilhaft in Lissung III 

oder VI polarographiert. 
2.4 Bei sehr geringen Konzentrationen von HIS, R-SH und elementarem Schwefel kbnnen 

griil3ere Disuhidmengen nach Red&ion mit Zink in gthanolischer L&sung als Thiol nach 
2.1.1 bestimmt werden; jedoch fallen die Ergebnisse wegen des stiindigen Vorhandenseins 
von Thioathem, die mit Zink und Eisessig ebenfalls reduziert werden, zu hoch aus. 

3. Thioiirher werden stets in LSsung VII oder I an der rotierenden Platinelektrode bestimmt. 

4. Thiophene werden bei griideren Schwefelgehalten nach 

4.1 in Lijsung VIII mit Losung IX bei -0,5 V (SCE) titriert. 
4.2 In Ben&en wird Thiophen in das 1 ,l-Dioxid iiberfiit, das in Lasung I zwischen - 1,0 und 

1,8 V (SCE) polarographisch bestimmt wird. 
Liisung I: 0,05n Tetralthylammonium perchloratliisung in Dimethylsulfoxid 

Liisung II: 
Liisung III: 

650 ml Methanol, 300 ml Benzol, 50 ml In Essigslure/Na@umacetat 

Lbsung IV: 
0,05n Tetraithylammoniumperchlorat@mg in 95 %igen Athanol 

Liisung V: 
0,005n Silbernitratltisung in 95 %igen Atheo 
0,005m Cadmiumnitratlosung in 95 %igen Athanol 

Losung VI: 450 ml Methanol, 450ml Isobutanol, 100 ml 0,5n Lithiumchlorid oder 0,5n 
Tetr~thylammoniumperchloratliisung 

L&sung VII: 
Liisung VIII: 

500 ml Methanol, 500 ml Benzol, 10 ml konz. Salzs&ne 
950 ml Athanol, 50 ml In Essigs&rre/Natriumacetat 

Losung IX: 0,05m Quecksilber(II)-nitratl6sung in 95 %igen Athanol 

TABELLE I.-GESAMTSCHWEPELBE~TIMMUIW 

In n-Heptan 
geliiste S-Verbdg. %S 

Probemenge, % S gefunden 

mg I II 

Dibenzyldisulfid 0,073 464,7 0,069 0,070 
Thiophen 0,081 620,3 0,078 0,079 
Thiophan 0,134 504,4 0,128 0,129 
Erdiilbenzin 0,ll 781,O 0,137 0,138 

I-Nach einer mit NaSH aufgenommenen Eicbkurve. 
II-Nach einer Eichkurve, die nach Hydrierung von Dibenzyldisulfid 

aufgenommen wurde. 

TABELLE II.--AMPEROMETRISCHE BESTIMMUNG VON THIOPHAN 

Thiophan 

0,0017 
0,0023 
0,0047 
0,0071 
0,0071 
0,0142 
0,0213 
0,047 
0,047 
0,047 

Vorgelegte Menge, 
mg S/ml 

Amperometrisch bestimmte 
Konzentration Thiophan, 

Thiophen Athylthiol mg S/ml 

- - 
0,028 - 
0,112 
0,112 0,032 
0,063 0,032 

- 0,064 
- 0,256 

0,002 
0,0027 
0,005o 
0,0074 
0,0077 
0,0165 
0,033 
0,056 
0,0495 
0,052 
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Ergebnisse 

Wir ftihrten nach diesem Trennungsschema Bestimmungen in einigen Testliisungen 
und in drei Bijhlener Benzinen durch, deren Ergebnisse in den Tabellen III und IV 
zusammengefaat sind. Die erhaltenen Ergebnisse sind befriedigend. Eine solche 
Analyse dauert etwa 8 Stunden. 

TABLE 111.-S CHWEIXLGRUPPENANALY~E EINIGER TE~TL~~suNGEN 

Konzemration, %S 

Schwefelverbindung Losung 1 Liisung 2 Losung 3 

geg. gef. geg. gef. geg. gef. 

Gesamt-S 
Elem. S 

z:H 
R-SS-R 
R-S-R 
Thiophen 
Gesamt 
Abweichung zur 

Gesamt.-S-Best. 

0,363 0,366 0,149 0,144 0,096 0,094 
0,013 0,012 0,013 0,012 0,013 0,012 
0,009 0,008 0,017 0,015 0,009 0,008 
0,011 0,013 0,044 0,048 0,011 0,013 
0,057 0,052 0,029 0,025 - 0,003 
0,103 0,105 0,046 0,046 0,046 0,047 
0,170 0,156 - OS@ 0,017 0,014 

0,346 0,146 0,098 

-5,5% + 1,7% +4,1% 

TABELLE IV.-SCHWEFELOR~PPENANALYSE IN EINIGEN BENZ~NEN 

Schwefelverbindung 
Konzentrationen, %S 

Erdolbenzin Reformat AT-Benzin 

Gesamt-S 0,138 0,036 0,059 
Elem. S 
HIS 
R-SH 
R-SS-R 
R-S-R 
Thiophen 
Gesamt 
Abweichung zur 

Gesamt-S-Best. 

0,003 0,001 

0,002* 0,004* 

0,012 0,004 
0,073 0,011 
0,055 0,018 
0,145 0,038 

+5,1% i-5,6% 

0,002 
0,002 
0,003 
0,006 
0,030 
0,019 
0,062 

+ 5,0% 

* Summe von HaS und R-SH. 

DISKUSSION 

Die aus Diffusionsstrommessungen erhaltenen Schwefelgehalte sind in Benzinen 
mit einem grbSeren Fehler behaftet als in Testlosungen, weil die Diffusionsstrom- 
konstanten der einzelnen Schwefelverbindungen gleichen Typs eine Funktion ihrer 
Molekulargewichte und deshalb nicht gleich sind. Als Eichsubstanzen mtissen die 
Verbindungen gewahlt werden, die in der zu analysierenden Probe als Hauptbestand 
teil des jeweiligen Verbindungstyps vermutet werden. Die bei der Bestimmung von 
Disulfiden (und zum Teil such von elementarem Schwefel) erhaltenen Ergebnisse 
sind weniger genau, weil sie durch etwa vorhandene Polysulfide, die bei der Reduk- 
tion miterfal3t werden, beeintrachtigt sind. Da diese Typen aber nur einen kleinen 
Teil des Schwefelgehalts ausmachen, fallt diese Ungenauigkeit weniger ins Gewicht. 
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Summary-The polarographic determination of total sulphur, elemen- 
tal sulphur, hydrogen sulphide, thiols, di- and polysulphides, thioethers 
and thiophenes in petrol is described. This method is applicable to the 
analysis of higher fractions, boiling below 250”. Besides the polaro- 
graphic measurements, voltammetric determinations and ampero- 
metric titrations were carried out. After reduction to hydrogen 
sulphide, 1O-4% total sulphur can be determined directly by 
voltammetricdetermination. The minimumdeterminableconcentration 
of individual species is 1O-s%. Accuracies of 5% are achieved. An 
analytical scheme is included. 

R&&+-On decrit le dosage polarographique du soufre total, 
du soufre elementaire, de l’hydrogene sulfure, des thiols, des di- 
polysulfures, des thioethers et des thiophenes dans l’essence. Cette 
methode est applicable B I’analyse de fractions supbieures bouillaent 
en dessous de 250”. A c&6 des mesures polarographiques, on a 
effectue des dosages voltametriques et des titrages amperometriques. 
Apres reduction en hydrogene sulfur& on peut determiner 1O--4% de 
soufre total par dosage voltametrique. La concentration minimale 
dosable d’esp&es determinees est de lo-* %. On a obtenu des precisions 
de 5 %. On inclut un schema analytique. 
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S--A method for the microdetermination of organic compounds 
containing halogens, by a polarographic finish, is reported. After the 
combustion of the organic sample in the oxygen flask, the products are 
absorbed in a suitable absorbent and chemically treated to produce 
Cl-, Br-, BrO*- or 101- ions in solution before the polarography. The 
method is applicable to partially, highly, and fully halogenated aromatic 
and aliphatic compounds, whether solid or liquid. The results are 
generally within the acceptable limits of error. 

MANY methods are available for the microdetermination of chlorine, bromine, and 
iodine in partially-halogenated organic compounds,1-3 but very few for highly or 
completely halogenated samples. 4 Most of these methods apply, after decomposition 
by various techniques, a potentiometricY or a titrimetric finish.l The mercurimetric 
titration of chlorine has been reported’ to be quite satisfactory. Diphenylcarbazone is 
used as indicator but the end-point is only clear in 80-90 % ethanolic medium. Since 
Chengl developed this method in 1959, it has become very popular for routine work. 
Very recently,4 this method has been applied for the analysis of highly halogenated 
compounds. For bromine and iodine the iodometric finish either by hypochlorite2 or 
Leipert bromine oxidation* is preferred over the mercurimetric titration, which is 
associated with poor conversion factors, particularly for iodine. 

The object of the present work was to develop a polarographic finish for the micro- 
determination of any of the three halogens in compounds whether partially, highly or 
completely halogenated. Apart from the work of Pra2ak et aZ.s and Novak10 who used 
a polarographic finish for the routine semimicro analysis of vinyl chloride copolymers 
and some other organic substances, no mention has so far been made of a general 
polarographic method for chloride after oxygen flask combustion. Whereas PraZak 
et al. used electrical combustion, Novak used a primitive oxygen flask closed with a 
cork stopper. No such work has been carried out for either bromine or iodine. 

Apparatus 
EXPERIMENTAL 

An Orion-KTS 510 Polarograph with accessories was used. The combustion was carried out in 
an oxygen flask of 500 ml capacity. The electrolytic vessel was an ordinary Kalousek cell with a 
cathode compartment allowing sample solutions down to 4 ml in volume to be polarographed. The 
dropping mercury electrode had a drop time of 34 set under an open head of 86 cm of mercury. 
In the determination of chlorine and bromine as chloride and bromide the anode was filled with 
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mercurous sulphate and 2M sulphuric acid; for iodine and bromine estimated as iodate and bromate 
the anode was a saturated calomel electrode. 

The nitrogen used for deaerating the solutions was purified by bubbling the gas through a series 
of three bubblers containing vanadium(H) chloride solution and amalgamated zinc. 

Reagents 

All reagents were AR or MAR grade, except where otherwise mentioned, and doubly distilled 
water was used. Standard solutions (lo-*M) of MAR sodium chloride, potassium bromide, 
potassium iodide, potassium bromate and potassium iodate were prepared. 

Procedure 

The technique of sampling, weighing, and combustion of the organic compounds by the oxygen 
flask method is similar to that described in Ref. 4. The chloro. bromo, and iodo samnles analvsed 
include liquid and solid, aliphatic and aromatic compounds. 

A , 

For chloride or bromide. Place 7 ml of 0.1M sodium nitrite solution in the 500-ml conical flask. 
Fill the flask with pure oxygen and, just before starting the combustion, add 1-S ml of 5Mnitric acid 
to the flask. After combustion, shake the flask for 5 min and leave it for 2-3 min. 
and rinse with twice distilled water. 

Remove the stopper 
Add one drop of Methyl Red indicator and then 25M sodium 

hydroxide until the indicator colour is changed to yellow. Acidify with 0.2M sulphuric acid until a 
red colour just appears, and add two drops more to obtain a pH of 3-4. Transfer the solution 
quantitatively to a 50-ml standard flask, add 0.2 ml of O-5 % gelatine solution, dilute to the mark and 
mix. Rinse the clean polarographic cell with a few ml of the solution. Transfer about 5 ml to the 
cathode compartment of the cell, and pass purified nitrogen gas through it to deaerate the solution. 
Polarograph the solution with high damping zero compensation of condenser current and a starting 
potential of +O.lO V and 0.00 V for chloride and bromide respectively, using a 2M HoSOI-Hg$O, 
anode. Use a sensitivity corresponding to 10 and 15 ,uA full-scale deflection for chloride and bromide 
respectively. 

For bromine as bromate. Place 1.5 ml of 60% sodium hydrochlorite solution and 7 ml of 10% 
potassium dihydrogen phosphate as absorption solution (pH 6.2) in the 500-ml conical flask. Fill 
the flask with pure oxygen and ignite the sample as usual. After combustion, shake the flask for 
5 min and leave it for 2-3 min. Remove the stopper and rinse with doubly distilled water. Stir the 
solution for 10 min with a magnetic stirrer. Destroy the excess of hypochlorite by adding 0.2 ml of 
80% formic acid. Add one drop of Methyl Red to check for complete removal of hypochlorite. Then 
add 5M sodium hydroxide until a yellow colour is obtained and add 1 ml in excess to give a pH 
value of about 10. Add O-2 ml of 0.5 % gelatine solution. Transfer the solution quantitatively to a 
50-ml measuring flask and dilute to the mark with O*lM sodium sulphate solution; mix. Recording 
the polarogram of bromate as described under the bromide procedure with a starting potential of 
-1.3 V us. SCE as anode, and I5 ,uA full-scale deflection for sensitivity. 

For iodine as ioalzte. Follow the bromate procedure but use 8 ml of 2N sodium hydroxide as 
absorption solution; after combustion, neutralize the solution with 4N sulphuric acid (one drop of 
Methyl Red) until an orange colour appears, then add 1.5 ml of saturated bromine water to oxidize 
iodide to iodate, destroy the excess of bromine as before and adjust the pH of the solution to 5.2-6 by 
adding 2.5M sodium hydroxide until the orange colour of Methyl Red appears. Use a starting 
potential of -0.25 V us. SCE as anode. 

RESULTS AND DISCUSSION 

Chlorine compounds 

When sodium hydroxide was used as the absorption solution, correct results 
(Table I) were obtained only for partially chlorinated compounds with chlorine 
contents ranging between 17 and 34%. Representative figures are shown in Table I. 
The average absolute error is &O-25 % and the average recovery is 100.5%. Low 
recoveries for highly-chlorinated compounds were due to the formation of free 
chlorine, particularly with sample weights over 4 mg.* The use of a reducing absorp- 
tion solution was necessary. Hydrogen peroxide, which proved satisfactory with the 
mercurimetric finish,4 gave rise in the present work to an ill-defined anodic wave, 
leading to erroneous results, see Fig. l(a). This is probably due to the diiculty of 
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destroying the last traces of peroxide even on boiling in the presence of a pIatinum 
catalyst. 

Attention was then directed towards the use of acidic sodium nitrite as absorbent4 
which besides being an efficient reducing agent gave no completion in the polaro- 
graphic finish, cf. Fig. l(b) and (c). 

The anodic wave of chloride was studied by Revendall and later by Kolthoff and 

TAB= I.-MICROD KIXRMNATION OF CHLORINE IN PARTL~LLY CHLGRINA~ ORGmC compounds, 
WITH SoDIUhf HYDROXIDE As ABXEUVLNT 

Compound 
Weight, 

v 

Cl, % 
Theory Found Recovery, % 

p-Chlorobenzoic acid 

pchloronitrobenzene 

~hloro~~e 

2,6-Dichloro+nitrophenol 

I-Chloro-2&Dinitrobenzene 

7.00 
6.80 
7.33 
7.50 
7.80 
6-50 
5.67 
4.50 
6.30 
6.60 

22.65 

2250 

27.79 

34.14 

17.50 

22.33 98.6 
22.92 101-l 
22.69 100.8 
22.72 lOI* 
28.01 loo+3 
28.11 101.2 
34.25 100.3 
34.50 101.1 
17.76 101.5 
17.30 98.8 . ...*. t ?? .A..‘.. 

2 
8 l-0 (al (b) Cc) 

‘8 
3 
=r 
;c5. 

Applied potential 

FIG. I.-Anodic waves of lrt-r&fCI-. 
Absorbent: (a)-NaOH and H,O#; {b) and (c)-~cidic sodium nitrite. 
Sensitivity: (b) 30 PA full-scale deflection; (c) 10 ,uA full-scale deflection. 

Miller.12 They stated that there is direct proportionality between the difksion current 
and the concentration of the chloride ion up to about 2 x lO_sM. Based on an 
average sample weight of 5 mg of a fully chlorinated compound e.g., hexachloroethane 
(ea. 90% Cl) which has the highest chlorine content of all the compounds analysed 
(cf. Table II), the expected molarity of the chloride solution used to record the polaro- 
gram would be about 2.4 x IO-SM, which is of the allowable order of magnitude. 

In the polarographic finish, the wave-height is equivalent to the volume of titrant 
in titrimetric analysis, and the sensitivity to the normality of the titrant. Therefore 
different sensitivities were tried to find the one that produced the best defined wave 
with maximum height. Figure 1 shows the anodic wave of lO_SM chloride recorded at 
diierent sensitivities. 
between 

The half-wave potential, for ah the compounds analysed, falls 
-0.065 V and O-075 V vs. the 2M H,SO,Hg,SO, electrode. 

By the acidic sodium nitrite procedure, very satisfactory results (Table II) were 
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obtained for partially, highly, and fully chlorinated compounds. This representative 
series of aromatic and aliphatic compounds possesses chlorine contents ranging from 
17 to 90 %. Some of the compounds analysed are liquids, others are solid, and some 
are sublimable and have low melting-points. 

The initial test compound pchlorobenzoic acid, available as an organic analytical 
standard, gave a maximum error of f0.25 % in a series of six determinations. 

Nine different compounds analysed by the same procedure gave the results in Table 

TABLE II.-MICRODETERMINATION OF CHLORINE IN PARTULLLY, HIGHLY, AND FULLY CHLORINATED 
ORGANIC COMPOUNDS, WITH ACIDIC SODIUM NrTRITlZ AS ABSORBENT 

Compound 

Weight, 

“?g 

Cl, % 
Theory Found Recovery, % 

p-Chlorobenzoic acid (6 results) 
1-Chloro-2,4-Dinotrobenzene 

m-Chloronitrobenzene 

p-Chloroaniline 

p,p-Dichlorobenzophenol 

p,p-Dichlorodiphenyhnethane 

2,6-Dichloro-4-nitrophenol 

Chloranil 

Decachloronaphthalene 

a,a-Heptachlorotoluene 

Tetrachloroethylene 

Hexachloroethane 

6.32-7.25 
785 
7.01 
7.82 
7.43 
6.62 
578 
4.57 
4.82 
4.48 
4.56 
505 
4.83 
4.50 
4.60 
2.92 
2.77 
2.76 
2.66 
3.85 
6.01 
6.00 
3.45 

22.65 
17.50 

22.50 

27.79 

28.20 

27.96 

34.14 

57.29 

70.27 

74.49 

85.51 

89.85 

22.39-22.91 100-l 
17.81 101.8 
17.70 101.1 
22.69 100.8 
22.39 100.0 
28.08 101.0 
28.02 100.9 
27.91 99.0 
27.96 99.1 
29.62 98.9 
29.65 99.0 
34.41 100.8 
34.34 100.6 
57.82 100.2 
57.81 100.2 
70.23 99.9 
70.16 99.8 
74.56 100-l 
74.51 100.0 
8580 100.3 
85.28 99.7 
89.95 100.1 
89.65 99.8 

II, with an average absolute error of i-0*24% and an average recovery of 100.1%; 
the maximum error is f0.33 %. 

Bromine cornpow& 

Acidic sodium nitrite was also found suitable for determination of bromine as 
bromide. The anodic wave-height is directly proportional to the bromide ion concen- 
tration up to about 5 x 10-sM. l1 Among compounds analysed, 5 mg of acetylene- 
tetrabromide (Br 92.5%) would give about 1.15 x 103M bromide solution for 
recording of the polarogram. This is well within the working concentration limit of 
bromide. The half-wave potential ranges between -0.180 and -0.195 V us. the 2M 
H,S04Hg,S04 electrode. 

The standard test compound, p-bromobenzoic acid, in 5 analyses (Table III) gave 
a maximum error of 30.44%. Eight compounds with bromine content ranging from 
40 to 92% gave an average absolute error of f0*20% and average recovery 100.0, 
Table III. The compounds included partially, highly, and fully brominated aromatic 
and aliphatic solids and liquids. 

A more successful method for bromine determination was found to be through 
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TARLR III.-MICRODETRR~~INATTON OF BROMINE IN PARWY, HIG~Y, AND PULLY BROMMATRD 
ORGANIC COMPOUNDS, WITH ACIDIC SODIUM NITRITE AS ABSORBENT,AND REDUcIloN TO BROMIDE 

Weight, 
Compound mg 

p-Bromobenzoic acid (5 results) 516-7.61 
pBromonitrobenzene 6.10 

7.02 
p-Bromophenol 5.61 

545 
5,7-Dibromo-S-hydroxy- 

quinoline 6.85 
4.87 

Bromanil 4.10 
6.30 

Tetrabromo-o-xylene 5.70 
5.49 

Pentabromotoluene 6.63 
4.95 

Ethylene tetrabromide 4.54 
2.60 

Br, % 
Thwry Found 

39.75 39.37-40.26 1002 
39.56 39.96 101-o 

39.49 99.8 
46.19 46.51 100.7 

45.91 99.4 

52.75 52.88 loo*2 
52.39 99.3 

75.47 7560 1002 
7539 99.9 

75.79 75.61 99,s 
76.10 100.4 

82.10 82.22 100.1 
82.20 100.1 

92.49 92.60 1Wl 
92.23 99.7 

R-very, % 

TARI_.E IV.-MICROD RTRRMINAIION OF BROMINR IN PARTIALLY, HIGHLY AND FULL.Y BROMINATRD 
ORGANIC COMPOIJNDS AFIRR HypoCHLORITH OXIDATION TO BROMATE 

Compound 
Weight, 

mg 

Br, % 
Theory Found Recovery, % 

pBromobenzoic acid 

p-Bromonitrobenzene 

p-Bromophenol 

5,7-Dibromo-8-hydroxyquinoline 

Bromanil 

Tetrabromo-o-xylene 

Pentabromotoluene 

Ethylene tetrabromide 

6.30 
5.51 
7.46 
8.11 
7.70 
6.20 
5.50 
3.25 
7.05 
3.30 
4.08 
6.40 
5.42 
5.40 
4.25 
2.91 
4.90 

39.75 

39.56 

46.19 

52.75 

75.47 

75.79 

82.10 

92.49 

39.95 100.5 
39.32 98.9 
39.97 100.6 
39,45 99.7 
39.68 100-3 
46.25 100-l 
46.26 100.2 
52.52 99.6 
52.79 100.1 
75.70 100-3 
75.81 100.5 
75.56 99.7 
76.01 100.3 
82.31 loo*3 
82.43 100.4 
92.13 99.6 
92.17 99.7 

conversion of bromide with hypochlorite oxidation2 into bromate, which shows 
favourable amplification on polarographic reduction. 

Rylich13 studied the reduction of the bromate ion at the dropping mercury elec- 
trode and found a single wave corresponding to direct reduction to bromide ion : 

BrOs- + 6H+ + 6e --f Br -t 3H20. 

Since the wave-height is proportional to the number of electrons consumed in the 
reduction process, the wave-height for reduction of bromate is 6 times that for the 
corresponding amount of bromide. It is worth mentioning that Kolthoff and Orele- 
mamP found that the half-wave potential of the bromate wave varies with the pH. 
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It is therefore advisable to work at a fixed pH range. We used a pH of about 10 at 
which the half-wave potential falls between -1.8 and -1.85 V us. SCE. 

The procedure applied to the analysis of the same series of bromo compounds 
(Table IV) gave an average absolute error of &O-22%, average recovery 100*3%, 
maximum error ho.43 %. 

Iodine compounds 

Since there is no well-defined anodic wave for iodide, conversion into iodate by the 
well-known Leipert method* is necessary. This allows the use of sodium hydroxide as 

TABLE V.-MICRODETERMINATION OF IODINE IN PARTIALLY AND HIGHLY IODINATED ORGANIC 
C!OhPOUNDS, WITH SODIUM HYDROXDE AS ABSORBENT AND OXIDATION TO IODATE 

Compound 
Weight, I, % 

mg Theory Found Recovery, % 

o-Iodobenxoic acid (5 results) 3.10-5.48 
8-Hydroxy-7-iodoquinoline- 

5-SulDhonic acid 

Iodochlorohydroxyquinoline 

Iodobenzene 

Iodotoluene 

Iodoform 

a,Bromo-/?-(3-Iodo-4- 
methoxyphenyl)-acrylate 

4.34 
5.41 
351 
578 
2.71 
3.92 
2.95 
3.50 
2.69 
4.16 

1.98 
2.78 

51.17 50.96-51.52 loo*1 

36.05 36.01 99.9 
35.98 99.8 

41.54 41.68 100.3 
41.35 99.6 

62.20 62.40 loo*3 
62.08 99.8 

58.20 58.09 99.8 
57.97 99.6 

96.69 96.54 99.8 
96.68 loo*0 

33.13 32.72 98.8 
33.28 100.4 

absorption solution since the combustion products, mainly iodine with some iodate,’ 
are ultimately oxidized to iodate. 

However, besides the ease of recording the cathodic wave of iodate, the polaro- 
graphic reduction also presents a six-fold amplificatiorP by the mechanism described 
for bromate. Here also the half-wave potential is sensitive to variation in pH. At 
the pH range of 5.2-6.0 used in our procedure, the half-wave potential falls between 
-05 and -0.65 V as. SCE. 

Five runs on o-iodobenzoic acid gave (Table V) a maximum error of &0*28x. 
A representative series of 6 compounds with iodine contents ranging from 33 to 97 %. 
(Table V) gave an average absolute error of &O-15%, average recovery 99.8 %, 
maximum error $0.38 %. 

Zusammenfassuq-Es wird tiber eine Methode zur Mikrobestimmung 
halogenhaltiger organischer Verbindungen mit polarographischem Ab- 
schlul3 berichtet. Nach Verbrenmmg der organischen Probe im 
Sauerstofiolben werden die Produkte in einem geeigneten Absorber 
aufgefangen und chemisch so behandelt, da.h vor der Polarographie in 
der Liisung Cl-, Br-, BrO,- oder JOI- vorliegen. Die Methode 1% 
sich auf teilweise, stark turd vollsttidig halogenierte, feste oder flus- 
sige aromatische und aliphatische Verbindungen anwenden. Die Ergeb- 
nisse liegen im allgemeinen innerhalb der xullssigen Fehlergrenxen. 
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R&nu&On rapporte une methode pour la microdetennination des 
composes organiques contenant des halogenes, avec 8n de dosage 
pohuographique. Apres la combustion de l’&antillon organique en 
fiole d’oxygene, on absorbe lea produits dans un absorbant convenable 
et les traite c~quement pour produire les ions Cl-, Br, BrG,- ou 
IO*- en solution avant la polarographie. La m&ode est applicable 
aux composes aromatiques et aliphatiques partiellement, hautement et 
completement halogenes, solides ou liquides. Les r&hats sont 
generalement dam les limites d’erreur acceptables. 
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SHORT COMMUNICATIONS 

Spot test for the detection of iodate in the presence of periodate 
Application to the detection of vie-dihydroxy compounds 

(Received 30 October 1967. Accepted 29 November 1967) 

THE heteropoly acid Gmolybdic-l-periodic acid has been known for more than 70 years.’ Although 
there is little available information about the chemical properties of this compound, it should be 
possible to mask periodate with molybdate by forming this heteropoly acid. Only one application 
of this masking reaction is known.* Iodate, which does not form a heteropoly acid, can be titrated 
iodimetrically in the presence of masked periodate because the heteropoly acid does not react with 
iodide at pH 3. This discovery has several important consequences. Those that are applicable to 
qualitative analysis are outlined below; some quantitative applications will be published later. 

All the tests described below depend on the production of iodine by the reaction of iodide with 
iodate in the presence of 6-molybdoperiodate in acid solution. The iodine is detected with starch. 

Detection of iodate in the presence of periodate 

This is the simplest application. By the procedure described below, O-02 pug of iodate (dilution 
1: IO’) can be detected in the presence of at least 0.7 mg of periodate. This is ten times more sensitive 
than the pyrogallol test for iodate,8 previously the most sensitive recorded. Chloride, bromide, 
nitrate, sulphate, fluoride (all 0.1&f) did not interfere, although occasionally they had a slight effect 
on the intensity of the colour produced. Iron(I1) gave a series of colours, eventually giving a blue 
solution even in the absence of starch. Copper(I1) gave a turbid solution, and lead a yellow pre- 
cipitate. Calcium had no effect. Obviously there is interference from anions that oxidize iodide, 
such as bromate and nitrite. This test detected iodate in all analytical-grade samples of potassium 
and sodium periodate tested, and titration of the iodine with thiosulphate showed that the sodium salt 
contained 0.2 % of iodate. 

Application to the Malaprade reaction 

The reaction of periodate with vie-dihydroxy compounds, especially carbohydrates, to give 
iodate and sometimes formaldehyde and/or formic acid has been widely applied in qualitative and 
quantitative analysis. The qualitative applications depend on the detection of formaldehyde4 or of 

TABLE I.-SENSITIVITY OF mm FOR TARTRATE AND GLUCOSE 

Method Tartrate, pg D-GhCOSe, ,uX 

IO,-; AgIO, pptn. 
101-; HCHO detect. 
101-; 10,--I- react. 
gallic acid-H,SO, 
thio-Michler’s ketone 
S-hydroxy-1-tetralone 
triphenyltetrazolium 

chloride 
Ag,O reduction 

50 5 
100 25 

0.1’ 0.1* 
2 
1 

o-2 
0.2 

0.1 

* Present work; other values from Feigl, Spot Tests in Organic 
Analysis, 7thEd., pp. 128, 149, 317, 338, 339,469. 

iodate by precipitation as silver iodate .I In the present test the iodate formed is detected by the 
calorimetric amplification procedure with iodide. A comparison of the sensitivities of the present 
test applied to tartrates and D-glucose with the sensitivities of other tests is summarized in Table I. 
In pure solution, O-1 pg (dilution 1:2 x 10”) of tartrate could be detected, i.e., the test is 500-1000 
times more sensitive than the others. Chloride, bromide, fluoride, nitrate, sulphate (O*lM), acetate, 
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citrate, succinate and oxalate (2 x lo-*M) did not interfere, but in the presence of these anions, 
the detection limit is 0.3 rg (1: 106). The detection limit for glucose is 0.1 rg (1:2 x 103. Salicylate 
(2 X lObaM) interferes; its response is 3% that of an equivalent amount of tartrate. 

The spot test cau be used in systematic qualitative schemes. 
salt,@ along with fluoride and oxalate. 

Tartrate is precipitated as its calcium 
The spot test is almost as sensitive when applied to precipitated 

tartrate as it is with a soluble tartrate, even when oxalate and fluoride (lOOO-fold excess) are also 
present in the precipitate. 

The vie-dihydroxy compounds sucrose, o-mannose, D-ktCtOSe, D-arabinose and starch all gave 
strong positive reactions, whereas ethanol and dilute (< 1O-8 M) solutions of phenol, resorcinol and 
benzoate gave no reaction. Larger amounts of phenol, benzoate and resorcinol interfered slightly, 
and very large (10 mg) amounts of oxalic acid, resorcinol and citric acid, especially when added as 
solids, caused serious interference. Similar amounts of oxalic acid or sodium dihydrogen phosphate 
gave a positive reaction with masked periodats-iodide solutions. None of the other compounds 
mentioned in this paper gave this reaction, except for a much smaller effect with citrate. The inter- 
ference could be a result of the reaction of molybdate with these compounds, with consequent 
demasking of the periodate; because of the large amount of molybdate used, a high concentration of 
demasking agent would be necessary, as was found. 

As already indicated, commercial samples of periodate salts contain a small amount of iodate 
(O-2 % in the sample used in this investigation). This is sufficient to give a positive test even in the 
absence of any dihydroxy compound. This can be allowed for by carrying out a blank test with 
the periodate solution, and adding dropwise a standard (e.g. lo-* M) thiosulphate solution until the 
blue colour is discharged. The same number of drops of thiosulphate is then added to the test solution. 
Obviously, this procedure limits the sensitivity of the test. The greater the purity of the periodate 
used, the more dilute can be the thiosulphate used, and the more sensitive the resulting test. The 
sensitivity of the test for oic-dihydroxy compounds would be similar to that for iodate but for the 
impurity of the periodate. 

EXPERIMENTAL 

Reagents 

Buffered molybdate. A 1M solution of analytical-grade sodium molybdate, adjusted to pH 3 with 
chloroacetate buffer, so that the iinal solution is 2M in total buffer components. 

Iodide. 1% aqueous solution of potassium iodide. 
Periodate. Freshly prepared saturated aqueous solution of potassium periodate. 
Thiosulphate, lO+M. 
Thyodene indicator. (Hopkin & Williams). Used as the solid. 
Other compounds used in the investigation were analytical grade or recrystallized. The common 

anions were added as their sodium or potassium salts. 

Test for iodate in thepresence ofperiodate. Mix on a spot-plate one drop each of the test sample, 
molybdate and iodide solutions. Add Thvodene. A blue colour indicates the presence of iodate. 

?est for vie-dihydroxy compounds. Bl&k: mix on a spot-plate one drop each of the periodate, 
molvbdate and iodide solutions. Add Thvodene. 
dropwise until the colour is discharged. 

If a blue colour develons. add thiosuluhate solution 
Note the number of drops added. -Test : mix on a spot-plate 

one drop each of the test sample, periodate, molybdate and iodide solutions, followed by the number 
of drops of thiosulphate used in the blank test. A blue colour indicates the presence of a vie-dihydroxy 
compound. 
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Smnma~~pot tests for the detection of 0.02 rg of iodate in the pre- 
sence of 45 mg of periodate, and for the detection of 0.1 rg of uic- 
dihydroxy compounds are described. The tests are based on the 
iodide-iodate reaction, in the presence of periodate masked by an 
excess of molybdate. 
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Zusammenfassung_Ttlpfelproben zum Nachweis von 0,02 ,q Jodat in 
Gegenwart von 45 mg Perjodat und rum Nachweis von 0,l rg vic- 
Dihydroxyverbindungen werden beschrieben. Die Proben beruhen 
auf der Jodid-Jodat-Reaktion; anwesendes Perjodat wird durch einen 
Uberschti von Molybdat maskiert. 

R&rm&On d&rit des essais a la touche pour la detection de 0,02 rg 
d’iodate en presence de 45 mg de periodate, et pour la detection de 
0,l pg de composes uic-dihydroxy. Les essais bases sur la reaction 
iodure-iodate, en la presence du periodate dissimule par un exds de 
molybdate. 
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Use of lanthanum and sulphuric acid to suppress interferences in the 

flame photometric determination of calcium in soil extracts 

(Received 23 October 1967. Accepted 22 November 1967) 

THE use of suppressing agents to control interferences in the Same photometric determination of 
calcium is now widespread. Dinninl found that strontium and lanthanum were the most satisfactory 
for this purpose. In this paper the application of lanthanum and sulphuric acid to the estimation of 
calcium in soil extracts is described. 

EXPERIMENTAL 

Both 25 % v/v acetic acid and 1M ammonium acetate at pH 7 are employed as soil extractants in 
this laboratory and were used in the tests. Iron, aluminium and phosphorus were known to interfere 
with calcium emission although the 8rst two are the more critical in soil analyses. A level of 20 ppm 
of calcium was adopted for the ammonium acetate tests but 40 ppm was chosen for acetic acid because 
the latter has the greater extracting power for neutral or base-rich soils. All measurements were made 
at 422.7 m,c with a Beckman DU spectrophotometer with a flame attachment. Gas pressures of 
10 psi oxygen and 3 psi acetylene were adopted. A calibration curve of O-100 ppm of calcium in 
1 y0 v/v sulphuric acid was prepared. Each of the tests described below required recalibration of the 
instrument with standards containing extractant or lanthanum chloride with or without acid. The 
calibration curve itself remained valid for all the tests. 

RESULTS 

The following sequence of tests was carried out. 
1. 

10%. 
Preliminary investigations showed that each extractant enhanced the emission by approximately 

2. The effects of varying amounts of iron, aluminium and phosphate were tested for each extractant. 
Table I shows that all three elements depress the emission in both extractants except for phosphate in 
ammonium acetate. Aluminium interference was the most serious. 

3. Initial tests with lanthanum were confined to solutions containing aluminium. A range of 
O-2000 ppm of lanthanum (added as the chloride) was tested for 20 or 40 ppm of calcium, 20 or 40 
ppm of aluminium and the appropriate extractants. The instrument was recalibrated for each con- 
centration of lanthanum. Table II shows that the lanthanum did not fully suppress aluminium inter- 
ference under these conditions. 
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TABLEI.-EFFECTOFIRON,ALUMINIUMANDPHOSPHATEONTHEEMISSIONOF 
CALCIUMMTWOSOILEXTRACTANTS 

Element 
added, ppm 

23 % v/v acetic acid 1M ammonium acetate 
(40 ppm of calcium) (20 ppm of calcium) 

Apparent calcium, pptn Apparent calcium, ppm 
Iron Aluminium Phosphorus Iron Aluminium Phosphorus 

0 40 40 40 
5 39 37 39 

10 35 37 
20 ;: 31 34 
30 34 27 32 
40 34 23 
50 34 20 z: 
60 34 18 31 

20 
17 

::: 

:76 
16 
15 

20 20 
19 20 
18 20 
16 21 
15 21 
13 21 
12 21 
11 21 

TABLEII.-EFFECTOFLANTHANUMANDSULPHURICACIDONT~ 
SUPPRESSIONOPTHEEMISSIONOFCALCIUMBYALUMINIUMINTWO 

SOILEXTRACTANTS 

2.5 % acetic acid 
40 ppm of calcium 

40 ppm of aluminium 

1M ammonium acetate 
20 ppm of calcium 

20 ppm of aluminium 

Lanthanum 
added, ppm 

Ap$.;xttcdcium, ppm 
With 1% 

$P&y; -lcium, PPm 
With 1% 

1% HISO* IWO4 1% I-GOP H.80, 

400 23 36 17 15 

z 25 26 ;; ::: 18 18 
700 ;; 40 :: 19 

800 40 900 27 42 18 ; 

1000 27 42 18 1500 28 - z? 
2000 28 44 21 

4. Test 3 was repeated with the addition of 1% v/v sulphuric acid. Table II shows that 
lanthanum was fully effective at 800 ppm. 

5. Tolerance limits for iron, aluminium and phosphate (expressed as phosphorus) were found in 
the presence of 800 ppm of lanthanum, 1% v/v sulphuric acid and the extractant. It was found that 
50 ppm of aluminium, at least 60 ppm of iron and 50 ppm of phosphorus can be tolerated in acetic 
acid when 40 ppm of calcium are present. The corresponding figures for ammonium acetate are 20, 
30 and 20 ppm when 20 ppm of calcium are present. 

6. A recovery experiment was carried out as follows. Duplicate samples of clay, glacial drift, 
slate and limestone soils were extracted by shaking 10 g of air-dried soil with 250 ml of extractant for 
1 hr on an end-over-end shaker. Appropriate aliquots of filtered extract were taken in a 25-ml 
Pyrex volumetric flask; 10 ppm of calcium, 800 ppm of lanthanum, 1% of sulphuric acid, and the 
extractant were added before dilution to volume. Solutions without added calcium were similarly 
prepared. A calibration curve was prepared for O-40 ppm of calcium in the presence of lanthanum, 
acid and extractant. The means of the results are presented in Table III and show very satisfactory 
recovery of 10 ppm of calcium. 

7. Finally the flame procedure with and without lanthanum was compared with an EDTA titration 
method very similar to that of Mackereth’ except that the end-points were estimated photometrically. 
The mean results are presented in Table IV and indicate a favourable agreement between the two 
methods. 
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TABLE III.-THE RRCWERYOF ~O~~~OFCALCXJM ADDEDTOTHEEXTRACTSOFFOUR 
SOIL'IYPE.S(~~ ppm OFLANTHAN~MAND~%V/VSULPHIJRICACIDPRFSENT) 

Soil 
2.5 % v/v acetic acid 1M ammonium acetate 

fYPe Total Original Calcium Total Original Calcium 
calcium, calcium, recovered, calcium, calcium, recovered, 

PPm PPm PPm PPm PPm PPm 

Clay 31-o 21-o 10.0 34.6 24.6 10.0 
*Limestone 28.5 18.5 10.0 23.8 13.8 10.0 
Glacial 

drift 13.4 3.6 13.7 3.8 99 
Slate 12.3 2.0 11.5 1.6 99 

* Extracts diluted IO-fold before addition of calcium 

TASTE IV.--COMPARISoNOFFLAMEPHOTOMETRlCAND EDTA PROCEDURES 

Soil type 

2.5 % v/v acetic acid 

Calcium 
(mg/lOO gsolfi)air-dried 

Flame EDTA 

1 M ammonium acetate 

Calcium 
(mg/lOO gsofjair-dried 

Flame EDTA 

Clay 66 68 
Limestone 430 443 
Glacial drift 11.3 10.5 11.9 12.3 
Slate 6.3 6.9 5.0 6.0 

These results show that when soil extracts are analysed for calcium, 800 ppm of lanthanum are 
required to suppress interferences likely to be encountered in most natural soils. This treatment is 
effective only in the presence of dilute sulphuric acid. The procedure given in test 6 can therefore be 
recommended when calcium is excited in an oxy-acetylene flame. The efficiency of the sulphuric 
acid was not investigated for cooler flames with this instrument because these are less sensitive for 
estimating calcium. 

Merlewood Research Station 
The Nature Conservancv 
Grange-over-Sands * 
Lancashire, U.K. 

C. C. EVANS* 
H.M.GR~sHAw 

Sammary-Interference by iron, aluminium and phosphate in the 
flame photometric determination of calcium in soil extracts is not 
fully suppressed by lanthanum unless dilute sulphuric acid is also 
present. The investigation was restricted to the oxy-acetylene flame. 

Zusannnenfassung-Die Stiirungen der flammenphotometrischen 
Bestimmung von Calcium durch Eisen, Aluminium und Phosphat 
werden durch Lanthan nur dann ganz unterdrtickt, wenn such 
Schwefelslure anwesend ist. Die Untersuchung beschrankte sich auf 
die Sauerstoff-Acetylen-Flamme. 

RBsum&Les interferences du fer, de I’aluminium et du phosphate 
dans la determination du calcium par photomCtre de flamme dans les 
extraits de sol ne sont pas totalement supprim& par le lanthane, il 
moms qu’il n’y ait egalement presence d’acide sulfurique dilub. Les 
recherches ont 6te limitees a la flamme oxy-ac&ylenique. 

REFERENCES 
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The solubility of 14C-labelled barium carbonate in aqueous systems 

(Received 6 October 1967. Accepted 27 November 1967) 

Materials 

EXPERIMENTAL 

14C-~~ barium carbonate was purchased from the Volk Radiochemical Company and had a 
specific activity of 2.1 curies/mole. Emission spectroscopic examination of this material showed the 
presence of only negligible quantities of other alkaline earth elements. The material was prepared 
from 98 % pure W?-labelled carbon dioxide and reagent grade barium hydroxide. The probability 
of any signiticant concentrations of soluble barium salts being present is therefore very slight. 

Reagent grade barium chloride was obtained from the Fisher Scientitic Company. 
Strongly alkaline solutions were prepared by diluting titered 50% sodium hydroxide solution. 

Measurement of the carbon dioxide liberated on acidification of this 50% solution showed that its 
carbonate concentration was 0.0047M. In the solutions diluted for use, the carbonate concentration 
was 4.7 x lo-‘M. 

All solutions were prepared in boiled distilled water and handled under nitrogen. 
The pH of solutions was determined with Beckman one-drop (calomel-glass) or combination 

probe (silver-silver chloride-glass) type electrodes. 

Apparatus and technique 

Approximately 5 mg of *qC-labelled barium carbonate were placed in about 30 ml of solution 
which already contained the other components. This mixture was shaken in a 2O&nl two-necked flask 
for up to 55 hr. At least 23 hr were needed to assure equilibrium in all casea studied.I Nitrogen was 
continuously passed over the mixture and in most experiments a Beckman probe (silver-silver chloride- 
glass) electrode was inserted to facilitate continuous pH measurements. The samples were uttered 
through Millipore absorbent pads until constant activity was noted; usually one or two filtrations 
were needed, but solutions containing no added hydroxyl ions sometimes required four or five 
filtrations. A filter pad was never used for more than one filtration. The fact that constant activities 
were obtained after successive filtrations is indicative of no interaction between solute and titer pad. 
After filtration, 1 ml of sample and 1 ml of scintillator (POPOP, PPO) were dissolved in about 15 ml 
of dioxan and counted in a Nuclear Chicago Liquid Scintillation Counter. Counter efficiencies 
varied between about 30 and 40 % and were determined by the 2-channel quench method. 

RESULTS AND DISCUSSION 

The results are shown in Table I. In solutions to which no base was added, the equilibrium pH 
was about 9. This is lower than that calculated from the solubihty product&for barium carbonate 

TABLE I.-SOLUBILJTY OF LABELLED BARIUM CARBONATE AND CALCULATED Kep VALUES 

Agitation 
time Activity 

Sample hr PH dpm/mI P [HCOS-I, M [COSa-1, M [Baa+], M Y+* KSP 

45 

it 
40 
46 
39 
30 
ii 
36 
23 
34 
55 

11.35 139431 0.0022 2.2 x lo-’ 2.7 X 1O-6 2.9 x 1O-6 0.67 5.2 x 10-l“ 
11.65 139260 0.0045 1.1 x 1O-6 2.8 x 1O-6 2.9 x lo-6 0.58 4.7 x lo-lo 
11.72 157610 0.0052 1.1 x lo+’ 3.2 x lo+ 3.3 x lo-& 0.55 5.8 x lo-10 
11.35 3194 0.0054 4.9 x 10-s 6.2 x lo-’ 1.0 x IO-* 0.55 3.4 x lo-‘” 
11.35 2992 0.0054 4.6 x 10-s 5.8 x lo-” 1.0 x lo-* 0.55 3.2 x lo-“’ 
11.30 1700 0.0120 2.9 x 10-s 3.3 x lo-’ 3.3 x 10-s 0.44 4.8 x 10-10 
11.30 944 0.0120 1.6 X 10-s 1.8 X IO-’ 3.3 x lo-’ 0.44 2.6 x lo-lo 

8.8 568595 0.0003 1.2 x 10-t 4.1 x lo-’ 1.2 x 1O-4 0.92 4.5 x lo-lo 
9.0 292250 0.0002 5.8 x 1O-6 3.3 x 1O-6 6.2 x 10-s 0.94 1.9 x lo-10 
9.3 373535 0.0002 7.1 x 10-s 7.9 x 10-e 7.9 x 10-s 0.94 5.9 x 10-10 
8.7 626233 0.0048 1.3 x lo-& 3.6 x lo-“ 1.3 x lo-’ 0.56 2.6 x IO-lo 
8.9 551418 0.0048 I.1 x lo-* 5.0 x lo-* 1.2 x 1O-4 0.56 3.4 x IO+’ 

* Base added to system initially. 
t Baa+ (as BaCI,) and base added to system initially. 
$ Ionic strength increased with 0.0048M potassium chloride. 
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(5.5 x 10-10) cited by Butlerl-a or that determined in highly basic solutions in this work. This increase 
in acidity was attributed to the reaction of the slightly basic solution with the Pyrex flask. Every 
possible precaution was taken to exclude carbon dioxide. It is probable that peptization of solid 
barium carbonate was minimal even in these solutions, since the pH was approximately 9 in both 
cases and the ionic strength was relatively high in one case. This is supported by the fact that the 
average result for these solutions was lower than that of the rest. 

In these calculations the ratio* 

[HCO,-] 1.783 x lo-” 
-= 
SCOFF-1 W-I-1 

was used and isotope effects were neglected. In all systems except those in which barium was added as 
barium chloride [Ba*+] was set equal to the concentration of lY= in the solution since a barium ion 
could only pass into solution if accompanied by a 14C-atom in the form of a carbonate or bicarbonate 
ion. Activity coefficients were taken from Butler.8 

Exchange studies 

ALI additional set of samples was prepared by placing about 1 mg of 14C-labelled barium carbonate 
in solutions that were 0.001, 0.1, and IM in sodium carbonate. Complete exchange was expected 
and it was hoped to determine the specific activity of the barium carbonate in this way, but the activi- 
ties corresponded to an exchange less than 10% and did not increase with time . It was deduced that 
the crystal surfaces of the barium carbonate became disproportionately populated with unlabelled 
COI*- ions and the equilibrium then involved essentially only these unlabelled ions. 

In the studies involving added barium ions, the pH was also increased by adding the appropriate 
volume of filtered 50 % sodium hydroxide solution. The carbonate in these solutions, before dissolu- 
tion of barium carbonate, was therefore 4.7 x lo-‘M. Inclusion of this additional carbonate con- 
centration in the calculations for these results, however, gave a Ksp value 2 or 3 times greater than that 
obtained for the other systems. When this additional carbonate concentration was not used in the 
calculations, a KBp consistent with those for the other systems was obtained. It is probable, therefore, 
that this additional carbonate was precipitated by the excess of barium present and the resultant drop 
in specific activity was negligible. 

Acknowledgements-The authors wish to thank the donors of the Petroleum Research Fund, ad- 
ministered by the American Chemical Society, for partial support of this research, and Mr. F. J. 
Salley of this Department for generous and very helpful advice. 
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Wilkes-Barre, BARBARA A. BUCKMAN 
Pennsylvania 18703, MARGUERITE M. YEVITZ 
U.S.A. HOWARD A. SWAIN, JR.@ 

Summary-The solubility of 1Glabelled barium carbonate has been 
determined in basic aqueous solutions with and without added Ba*+ 
present and in aqueous solutions containing no added Ba*+ or OH- 
ions. By use of activity coefficients from the literature, KBp has been 
determined to be 4.0 x 1O-1o f 0.5 x 1O-1o at 25”. 

R&mm&On a determine la solubilite du carbonate de baryum 
marque l&C en solutions aqueuses basiques avec et sans addition de 
Baa+ et en solutions aqueuses sans addition d’ions Baa+ ou OH-. En 
utilisant les coefficients d’activite de la litterature, on a Btabli que le 
KBp est de 4,0 x IO-lo rt 0,5 x lo-lo a 25”. 

Zusammenfassnng-Die Liislichkeit von l%markiertem BaCOI wurde 
in basischen w&3rigen LBsungen mit und ohne Zusatz von Baa+ sowie in 
wiiBrigen Liisungen ohne zugesetzte Bag+- und OH--1onen ermittelt. 
Mit Hilfe von Aktivittitskoeffizienten aus der Literatur wurde Ksp zu 
4 * lo-lo f 0,5 * 1O-1o bei 25” bestimmt. 
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Determination of sodium in high purity silica by activation analysis* 

(Received 13 June 1967. Accepted 5 September 1967) 

IN the past few years, the use of high-purity materials has grown rapidly. One such use is the in- 
corporation of high-purity silica “windows” in re-entry vehicles. Since silica is transparent to 
high-frequency electromagnetic radiation, the window is used for transmission and reception of 
high-frequency signals such as radar. Thus, during acceleration, flight, or re-entry, signals are trans- 
mitted to and from a space vehicle to provide for execution of present commands, for data acquisition, 
for manoeuvering and other uses. 

The presence in silica of low ionization potential elements such as sodium, potassium, strontium 
and some rare earths is undesirable, even in trace quantities. During re-entry, the thermal energy 
available is sufficient to cause ionization of these elements, which in turn produces an ion sheath 
about the window. The amounts of these elements present in the silica had to be determined in order 
that signal distortion or interference as a function of impurity level might be de6ned. Since sodium 
was by far the most prevalent of the low ionization potential elements, it was chosen as the repre- 
sentative impurity for the quantitative determinations, i.e., the relatively large quantities of sodium 
would have the greatest effect on the ion sheath during re-entry. 

In a silica matrix, the determination of sodium by standard techniques is, at best, tedious, time- 
consuming and sometimes inaccurate. 1 There exists a distinct danger that dissolution of the sample 
and subsequent analysis will introduce a higher sodium impurity than the sample originally contained. 
However, instrumental neutron-activation analysis does not include any chemical operations and 
minimizes sample handling; it therefore provides a simple, relatively fast means for determining 
sodium in silica. The general technique of activation analysis for sodium is described e1sewhere.l 

EXPERIMENTAL 
Apparatus 

Polyethylene rabbits 
TMC 400-Channel analyser 
Sodium iodide crystal (Tl activated) 3 x 3 in. 
The Sandia Engineering Reactor Facility (SERF) (thermal flux of approx 2 X lOlo neutrons/cm*/ 
set in the irradiation position used in this work). 

Procedure 

The window material was received in block form and a representative sample was obtained by 
taking slices of the material. Surface sodium and organic contaminants were removed by rinsing 
with dilute nitric acid and triply distilled water, firing the sample at 400” and rinsing again with nitric 
acid and triply distilled water; the sample was then dried in an oven at 110”, and crushed to about 
50-mesh. As predicted by the work of Kenna and Van Domelen,a l-g samples, placed in polyethylene 

TABLE I.-DETERMINA~ON OF SODIUM IN NBS +WANDARDS 

NBS 
Standard 

Na,ppm x lo-* 

Certificate Experimental 

80 123.6 
91 62.9 

102 0.557 
Sodium oxalate 344 

123 zt 2 
63.2 f 1.1 

o-545 + O-010 
352 f 6 

rabbits, did not exhibit self-shielding effects. The rabbits were made of high-purity polyethylene and 
exhibited no detectable activity after 24-hr irradiation. The encapsulated NBS standards (Table I) 
and samples were irradiated for 2 hr in the Sandia Reactor Facility with a thermal neutron flux of 
2 x IOr neutrons/cms/sec, removed and allowed to “cool” for periods ranging from 1 to 30 hr. 
Figure 1 presents a typical y-ray spectrum obtained at various times after irradiation. Either the 

* This paper was presented at the 42nd Annual Meeting, Southwestern and Rocky Mountain 
Division, American Association for the Advancement of Science, New Mexico State University, 
Las Cruces, 1-4 May 1966. 
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l-37 or 2.75 MeV gamma photopeaks of the rrNa can be used for the analysis. In the present work, 
the 2.75MeV photopeak was analysed with a 3 x 3 in. NaI(TI) crystal and associated electronics 
attached to a Technical Measurements Corporation 400 channel analyser. Because of the relatively 
high purity of the silica, no significant amounts of extraneous activity interfered with the UNa 
determinations. However, with other types of samples which could produce interfering activities, 
spectrum stripping techniques could be used. Empty polyethylene rabbits were irradiated simultane- 
ously with the samples and were used as blanks to make background counting corrections. The total 
nett counts in the 2.75MeV sample photopeak were compared with the total nett counts in the 2.7% 
MeV standard photopeak to obtain the sodium content of the sample. 

I.00 ZOO 3.00 
En MeV 

Fro. 1.-G amma-ray spectrum of e*Na (decay times are indicated for each spectrum). 

RESULTS AND DISCUSSION 

Nuclear reactions such as 84Mg(n, p) and *‘Al(n, a) can lead to the production of B4Na. However, 
the cross-sections for these reactions, when considered in the light of the concentrations of the parent 
elements in both samples and standards, preclude the addition of more than 1 or 2% to the 84Na 
activity produced by the desired **Na(n, r) reaction. This error is well within the error limits of the 
overall procedure and was, therefore, neglected. All error limits quoted in this paper are standard 
deviations. The PPNa activity produced was 75.5 f 1.3 counts/pg of Na. Table I summarizes the 
results from determining sodium in NBS silica standards. Sample weights varied from 0.5 to 500 mg, 
and the experimental values are averages of three or more determinations. These results show that 
instrumental neutron-activation analysis is valid and sufficiently accurate for determining sodium in 
silica. 

Other methods have been used to analyse a silica window sample for comparison purposes. The 
results for sodium were: flame photometry, 43 i 1 ppm; emission spectroscopy, 56 & 5 ppm; 
neutron-activation analysis (Analyst I), 50 f 1 ppm; neutron-activation analysis (Analyst 2), 
58 f 3 ppm. The agreement is quite good, particularly when one considers that four independent 
laboratories used three different methods to obtain the results. 

Both pre- and post-flight silica window materials are now routinely analysed by the method 
described. The sodium contents vary from 3 f 0.2 to 200 f 7 ppm. If 24-hr irradiations are used, 
the sensitivity is calculated to be about 0.5 pug of sodium.’ 

Acknowledgements-The authors wish to express their appreciation to K. E. Mead, Sandia Labora- 
tory, for his co-operation. This work was supported by the United States Atomic Energy Commission. 
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Summary--High purity fused silica samples and NBS standards were 
irradiated in the Sandia Reactor Facility for 2 hr at a thermal flux 
of lOlo neutrons/cma/sec. *‘Na was produced by the reaction s*Na(n, 
y)arNa (14.9 hr half-life, u = 05 barn), and decayed with emission 
of l-37 and 2.75 MeV y-rays. With the stated flux and irradiation 
time, sodium at the 3 ppm level has been determined with a standard 
deviation of 0.2 ppm. Values obtained by thermal neutron-activation 
analysis agree well with results obtained by emission spectrography 
and flame spectrophotometric methods. 

Zusammenfassung-Proben von hochreinem geschmolzenem Qu&z 
und Standards vom NBS wurden im Sandia-Reaktor 2 Stunden bei 
einem thermischen Flu13 von lOlo Neutronen/cma/sec bestrahh- *“Na 
wurde durch die Reaktion 28Na(n, yP4Na (Halbwertszeit 14,9 h, 
o = 0,5 barn) erzeugt und zertiel unter Emission von Gammastrahhmg 
mit 1,37 und 2,75 MeV. Mit dem angegebenen Flu13 und obiger 
Bestrahlungszeit wurde Na im Bereich urn 3 ppm mit einer Standard- 
abweichung von 0,2 ppm bestimmt. Die mit thermischer Neutronenak- 
tivierung erzielten Werte stimmen gut tiberein mit den Ergebnissen 
emissionsspektrographischer und flammenspektrophotometrischer Me- 
thoden. 

R&nn&Qn a irradie des echantillons de silice fondue de haute purett 
et des &talons NBS dam le Sandia Reactor Facilitvnendant 2 h avec 
un flux thermique de lOlo neutron/cm*/sec. *4Na a’ ate produit par la 
reaction B*Na(n, y)84Na (demi-vie 14,9 h, a = 0,5 barn) et dbintegre 
avec emission de rayons gamma de 1,37 et 2,75 MeV. Avec les flux 
et temps d’irradiation armonces, on a dose le sodium a la teneur de 
3 p.p.m. avec un &art type de 0,2 p.p.m. Les valeurs obtenues par 
analyse par activation de neutrons thermiques sont en bon accord avec 
les resultats obtenus par les methodes de spectrographic d’bmission et 
de spectrophotomttrie de flamme. 
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DETERMINATION OF TRACE AMOUNTS OF 
SCANDIUM BY ATOMIC ABSORPTION SPECTROSCOPY 

YIU-KEE CHAU 
Department of Chemistry, Chung Chi College, The Chinese University of Hong Kong, 

Hong Kong 

(Received 18 October 1967. Accepted 14 December 1967) 

Sunnna~---Optimum instrumental conditions were investigated for the 
determination of trace quantities of scandium by atomic-absorption 
spectroscopy. Enhancement effects by organic solvents and by 
complex extractions were also studied. 48Sc was used to establish the 
optimum extraction conditions. A sensitivity of 0.06 ppm of SC was 
observed when using extraction into oxine-butanol and atomic 
absorption was measured with an acetylene-nitrous oxide flame. 

BECAUSE of high sensitivity, minimum sample preparation and relative freedom from 
interference, atomic-absorption spectroscopy has become an ideal technique for the 
analysis of trace elements. Since the introduction of nitrous oxide as the supporting 
gas, many elements that form refractory oxides in the presence of oxygen or air can 
now be determined. Scandium can thus be determined by using nitrous oxide and 
acetylene mixtures to provide a non-oxidizing flame of high temperature. The popu- 
lation of ground-state scandium atoms essential for absorption depends on several 
instrumental operation parameters which include ratios of gas mixtures, current 
intensity of the cathode spectral source, slit-width of the monochromator, and sample 
solution medium. 

The present paper describes studies of optimum operational conditions and 
enhancement of sensitivity by the use of organic solvents and extraction of complexes. 

Apparatus 

EXPERIMENTAL 

A Techtron A.A. 4 atomic-absorption spectrophotometer was used with a high temperature 
burner (Techtron A&40) of 5 cm flame-length. Acetylene was used as fuel and nitrous oxide as 
supporting gas. The spectral source was a scandium hollow cathode lamp manufactured by Atomic 
Spectra Lamps of Australia. During operation, the instrument was set at 5 x scale expansion to 
give maximum sensitivity. The 3911.8 A line of scandium was chosen for absorption measurements. 

Reagents 

Standard scandium solution. “Spec-pure” scandium oxide (Koch-Light, England) was dissolved 
in warmed concentrated hydrochloric acid. The solution was evaporated to dryness on a water-bath 
and the scandium chloride residue was taken up in distilled water. Working standards containing 
1-5 ,ug of scandium per ml were prepared by subsequent dilution of the stock solution. 

Procedure 

Investigation of optimum instrumental conditions. 
used to investigate the optimum conditions. 

A Cppm aqueous solution of scandium was 

Solvent extraction of scandium. The ‘Y3c isotope was used to investigate the complex formation 
and the optimum solution conditions for extraction into various organic solvents. Aliquots (10 ml) 
of aqueous solution containing ca. 0.1 ,uC of *%c (with 2 pg of scandium carrier) were adjusted to 
various pH values with hydrochloric acid or ammonia and were extracted by 10ml portions of 
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organic solvents containing the complexing agent, by shaking for 1 min in a separating funnel. The 
organic phase was separated and a suitable aliquot was taken for scintillation counting of the gamma 
activity against a standard to calculate the extraction efficiency. 

The extractions by various solvents were then carried out under the optimum conditions indicated 
by the radiometric results. A 5-ml aliquot of solution containing 5 ,ug of scandium was adjusted 
to the optimum pH and 5 ml of the extracting agent were added. After the extraction, the organic 
phase was separated and sprayed into the flame for absorption measurement. 

RESULTS AND DISCUSSION 

Effect of acetylene and nitrous oxide ratio 

Variation in the flame mixture resulted in great variation of the absorption 
responses. It can be seen from Fig. 1 that the flame temperature was critical in the 
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FIG. l.-Effect of acetylene-nitrous oxide ratios on atomic absorption response. 
Solution sprayed, 4 rg SC/ml; lamp current 10 mA; slit-width 50 p. Figures 

accompanying curves indicate nitrous oxide pressure in psi. 

production of free atoms of scandium. When the nitrous oxide pressure was increased, 
the flame temperature was also increased. More scandium atoms were excited and 
the absorption signal was lowered. On the other hand when the flame was too rich 
in acetylene, the temperature was not sufficient to dissociate the compounds and the 
absorption signal also decreased considerably. The optimum condition for maximum 
absorption was at 20 psi pressure of nitrous oxide and a reading of 9.5 on theacetylene 
flow-meter. With this ratio of gases, the flame was slightly fuel-rich, the “red feather” 
above the burner slit being about 5 cm long. Such flame conditions effectively 
increased the proportion of scandium atoms in the ground state. 
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Optimum instrumental conditions 

A hollow-cathode lamp current of 10-12 mA gave maximum response. 
The slit-width was chosen to give maximum absorption signal and to compromise 

between sensitivity and reproducibility of readings. For an operating current of 
10 mA, a slit-width of 50-75 ,u was considered optimum. 

EfSect of solvents 

Several workers1-4 have reported the enhancement of sensitivity caused by spraying 
the sample element in an organic solvent into the flame, or by addition of organic 
solvents to the aqueous sample solution. For solvents miscible with water, such as 
the light alcohols, dioxan and acetone, the increase in sensitivity caused by their 
addition was almost counterbalanced by the dilution of the sample. For solvents 
immiscible with water, the enhancement was more effective because the element was 
extracted into the organic phase and a concentration effect was introduced. 

The enhancement of absorption sensitivity by addition of hydrochloric acid, 
EDTA and various water-miscible solvents to a scandium solution was studied by 
adding 3 ml of solvent to 20 ,zg of scandium in a 5-ml volumetric flask. The volume 
was made up to the mark with water, and the solution was sprayed into the flame. 
The results indicated that all alcohols enhanced absorption and the degree of enhance- 
ment depended on the amounts of alcohols added. Hydrochloric acid decreased 
absorption, the effect increased with increasing amounts of acid used. EDTA was 
also observed to enhance the absorption signal, 3 ml of O-144 EDTA (disodium salt) 
being added. The enhancement of atomic absorption was probably due to the forma- 
tion of the scandium-EDTA complex which decomposed much more easily in the 
flame than the ionic scandium species. 

Although better sensitivity was obtained in alcohols, for practical purpose, EDTA 
would seem more desirable. The aqueous solution of EDTA is a better solvent and 
takes up most inorganic scandium compounds. 

The addition of 1 ml of 0.IM EDTA was suflicient for 20 ,ug of scandium in a 
final volume of 5 ml. 

Solvent extraction of scandium complexes 

Investigations were carried out with the 46Sc isotope to establish the optimum 
solution conditions for complexation and extraction of scandium into various 
solvents. The optimum conditions were then used for extraction of scandium for 
absorption measurements. The optimum condition for each complex extraction and 
the corresponding atomic-absorption response are shown in Table I. Maximum 
sensitivity was obtained by extraction with butyl alcohol containing 2.5% of oxine 
at pH l-4. The sensitivity was found to be 0.06 ppm for 1% absorption. 

Extraction procedure 

To 5 ml of aqueous solution containing the scandium, add dropwise 1M acetic 
acid until the pH is 2-3, and shake the mixture in a separating funnel for 1 min 
with 5 ml of butyl ahcohol containing 2.5 % of oxine. Centrifuge the solution and 
withdraw the organic phase for spraying into the flame. Measure the absorption 
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TABLE I.-MAXIMUM E~C~RACTION OF SCANDIUM IN VARIOUS SYSTEMS 

System 

25 % oxine IBMK* 
25 % oxine in amyl alcohol 
25 % oxine in butyl alcohol 
2%t APDC/IBMK 
Satd. dibromo-oxine in IBMK 
Aqueous standard, Sc 4 @ml 

* IBMK-isobutyl methyl ketone. 

PH 

2-4 
2-5 
l-4 
4-5 
4-5 

Extraction, % 

93 
98 

;: 
2 

Absorbance 

0.060 - 
0.186 
0.285 
0.080 
0.200 
0.140 

t APDC-ammonium pyrrolidinedithiocarbamate. 

with reference to a blank of butyl alcohol containing 23% oxine. The blank is 
generally very low. 

Interferences in the extraction method 

No interference was observed in the absorption response of a 4 ppm scandium 
solution containing 100 ppm of each of the following elements: U, Fe, Ni, Co, Cu, 
Mn, Zn, MO, Pb, Cr, Na, Ca, Mg. Anionic interference, which occasionally happens, 
can also be eliminated by the extraction procedure. 

1. 
2. 
3. 
4. 

Zasannnenfassung-Die optimalen instrumentellen Bedingungen zur 
Bestimmung von Scandiumspuren durch atomare Absorptionsspek- 
trometrie wurden ermittelt. Auch Versttikungseffekte durch organische 
Liisungsmittel und durch Extraktion von Komplexen wurden unter- 
sucht. Zur Ermittlung der besten Extraktionsbedingungen wurde 
4BSc verwendet. Bei Extraktion in Oxin-Butanol und Messung der 
Atomabsorption in einer Acetylen-Lachgas-Flamme wurde eine 
Emptindlichkeit von 0,06 ppm Sc beobachtet. 

RCsum&On a Btudie les conditions instrumentales optimales pour 
le dosage du scandium a l’ttat de traces par spectroscopic d’absorption 
atomique. On a aussi ttudie les effets d’exaltation par des solvants 
organiques et par complexe d’extraction. On a utilid “%c pour 
Btablir les conditions optimales d’extraction. On a observe une 
sensibilite de 0,06 ppm en utilisant l’extraction en oxine-butanol et 
l’absorption atomique a Bte mesuree avec une flame acetylene-protoxyde 
d’azote. 
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Summary-Different separation methods, especially gas chromatog- 
raphy, were applied to crude retene obtained from pine-wood tar. 
The relative retention times on three different columns, and the melting 
points, were used to identify the following compounds besides retene 
itself: l-methylphenanthrene, 2_ethylphenanthrene, 1,7-dimethyl- 
phenanthrene, I-methyl-7-ethylphenanthrene, 9,10-dihydroretene and 
possibly 1,3-dimethyl-7-ethylphenanthrene, 1,3-dimethyi-7-isopropyl- 
phenanthrene. All the substances formed aerosols at the outlet of the 
gas chromatograph. Supertine glass wool was found to be an excellent 
means of coagulating these aerosols. 

PINE-WOOD tar contains about 20% retene, 1-methyl-7-isopropylphenanthrene 
(C1sH1s), which is obtained from the tar as brownish yellow cakes of crude retene. 
It was found interesting to examine this crude retene by means of gas chromatography 
and to try to identify and purify some of the compounds present besides the retene. 

In 1963 Solo and Pelletierl published a list of the relative retention times for a 
number of alkylphenanthrenes. They used in the main three different stationary 
phases for the columns, namely SE-30, a methylated silicone rubber, QF-1, a fluori- 
nated silicone oil, NPGS, neopentylglycolsuccinate, and in addition in a few cases 
Apiezon L, Dow 11 and Dow 710. For the present work SE-30, QF-1 and NPGS 
were chosen because they were most widely used by Solo and Pelletier. It was 
necessary to use a further method of identification, since the retention times of the 
compounds alone did not provide a satisfactory basis for identification, especially 
as the retention times for certain alkylphenanthrenes differ very little. 

Attempts were therefore made to separate the components of the crude retene 
by means of a series of recrystallizations from ethanol. The separation was carried 
out in six steps, following a scheme for triangular separation,2 and gave seven fractions. 
A small amount of 98 % pure retene was obtained, whilst the other compounds did 
not separate well. Other methods of separation were tried, such as zone-melting.3 
For this purpose an apparatus was used, the oven of which had four speeds, viz., 

6*6,1 1-4,20-O and 40.0 mm/hr. The distance traversed by the oven was about 200 mm 
and the temperature was kept at 115-120”. Twenty zone passes were carried out on 
crude retene at a speed of 1 l-4 mm/hr. Samples were taken at different points along 
the zone-refining tube and analysed individually in a gas chromatograph, but no 
difference could be found in the composition of the various samples. The incomplete 
separation may be explained by the fact that these alkylphenanthrenes have very 
similar crystal lattices; moreover they form solid solutions as a result of which the 
possibilities for separation by means of zone-melting are reduced. 
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The method finally used was a combination of recrystallization from ethanol 
and preparative gas chromatography. The preparative gas chromatographic separation 
had to be carried out at different stages because a single separation did not give a 
satisfactory result. The disadvantage of this method is that only small amounts of 
the pure material are obtainable and therefore the separation has to be combined with 
a means of identification requiring small sample weights only. The most convenient 
means was found to be melting point determination with a Kofler hot-stage micro- 
scope.4 This requires sample weights of only 10 ,ug. Melting points were determined 
for the alkylphenanthrenes and for their picrates. 

Apparatus 
EXPERIMENTAL 

Gas chromatographs. Perkin-Elmer 800 and F/6, both with flame-ionization detectors; Aerograph 
Autoprep and 200, both with thermal conductivity detectors. 

Column ~fer~als 
SE-30 methyl silicone rubber from General Electric, Inc., U.S.A. 
D.C. QF-1 (F.S. 1265) fluorinated silicone from Applied Science Lab., Inc., U.S.A. 
NPGS, neopentylglycolsuccinate, Applied Science Lab., Inc., U.S.A. 
Gaschrom Z 100-120 HMDS treated, Applied Science Lab., Inc., U.S.A. 
Embacel60-100 acid-washed kieselguhr, May and Baker Ltd., England. 
Glass wool, Billesholm Antinoise, superfine glass wool with l&l5 x IO-’ mm fibre diameter. 

Chemicals 
Authentic samples. l-Metllyl-7-ethylphenanthrene and 2-ethylphenanthrene kindly supplied by 

Dr. F. Piozzi, Politecnico di Milano. 
1,7_Dimethylphenanthrene kindly supplied by Dr. 0. E. Edwards, Division of Pure Chemistry, 

National Research Council, Ottawa, Canada. 
Phenanthrene, l-methylphenanthrene, dihydroretene and retene from our own laboratory. 

CoIrcmns for the gas chro~ fagrap~ 
1. Stainless steel column, sin. x 20 ft, stationary phase 30% SE-30 on 60-80 mesh Chromosorb. 

Manufactured by Wilkens Instrument and Research, Inc., and used in the Aerograph Autoprep. 
2. Stainless steel column, tin. x 6 ft, stationary phase 20% SF-96 on 60-80 mesh firebrick. 

Manufactured by Wilkens Instrument and Research, Inc., and used in the Aerograph 200. 
3. Copper column, iin. x 2m, stationary phase 10% QF-1 on lOO-120mesh Gaschrom Z; 

used in the Perkin-Elmer 800. 
4. Copper column, Qin. x 2 m, stationary phase 10% NPGS on 100-120 mesh Gaschrom 2; 

used in the Per~n-Elmer 800. 
5. Copper column, &in. x 2 m, stationary phase 3 y0 SE-30 on 100-120 mesh Gaschrom Z; 

used in the Perkin-Elmer F/6. 
6. Copper column, &in. x 5 m, stationary phase 5 % SE-30 on Embacel 60-100 mesh; used in 

the Perkin-Elmer F/6. 
7. Copper column, I B m-in. x 2 m, stationary phase 20% lithium chloride on Embacel60-100 mesh, 

prepared according to Favre and Kallenbach;5 used in the Perkin-Elmer F/6. 

Procedure 
Separation. Crude retene gave the chromatogram shown in Fig. 3, with 6 peaks A-F, when 

analysed with column 5 in the P.E. F/6 gas chromatograph, the carrier gas flow-rate being 30 ml of 
nitrogenlmin. The column temperature was 190” and the injection temperature 250’. 

The separation of crude retene into its components had to be performed in four stages. The 
following description of the separation is illustrated by Fig. 2. 

Separation stage I. The amount of the main component of the crude retene was reduced by means 
of three successive r~~stalli~tions from ethanol. The initial amount was 8 g of raw retene dissolved 
in 100 ml of hot ethanol (995’%). On cooling to room temperature, 4 g precipitated and were 
filtered off; the filtrate was evaporated to half the original volume, cooled, and filtered. The third 
such crystallization gave about 1 g of material enriched with the impurities of the crude retene. 
The gas chromatogram in Fig. 2 stage I, shows the composition of this material. 
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0 5 10 15 20 25 30 35 mm. 

FIG. l.-Gas chromatogram of crude retene (P.E. F/6, column 5, column temperature 
190°C). 

Separation stage ZZ. The separation of the material from stage I was carried out in the Aerograph 
Autoprep, and is shown by the vertical dotted lines in the gas chromatogram in Fig. 2 stage I. The 
1 e: of material from stage I was dissolved in 5 ml of acetone, and 100 ~1 of this solution were injected 
m&ually with a 100 plkamilton syringe into column 1. The column temperature was programmed 
to rise from 225” to 250” at O.S”/min. The temperature of the detector and injection block was main- 
tained at 285”. The carrier gas was helium at a flow-rate of 100 ml/min. One separation cycle took 
50-60 min. The fractions were collected manually in the standard bottles belonging to the apparatus. 
To prevent the fractions from partly condensing, a collector-elbow heater was mounted on the 
tube between the detector and the bottle to maintain the temperature in the outlet tube at about 225”. 

The fractions formed aerosols in the collecting bottles and showed an obvious tendency to pass 
through without coagulating. All fractions showed a similar tendency. Attempts were made to 
coagulate the aerosols through freezing, but these were not successful. The most effective means of 
achieving coagulation was a plug of superfine glass wool in the bottle. This caused the aerosols to 
coagulate completely even at room temperature. Afterwards it was easy to extract the material from 
the glass wool with acetone. 

The gas chromatograms in stage II of Fig. 2 show the results obtained from the analyses of the 
fractions IIa-IIf. 

Separation stage ZZZ. Each of the fractions IIa-IIf was separated in the same way as the material 
from stage I, giving the fractions IIIa-IIIf. The analyses of these are shown in the gas chromatograms 
in stage III of Fig. 2. 

Separation stage IV. The fractions IIIa-IIIf were separated in the Aerograph 200. Column 2 
was used. The flow-rate of carrier gas was 60 ml of hydrogenlmin. The column temperature was 
programmed to rise from 230” to 250” at O.S”/min. The injection block and detector were both 
maintained at 275” and the filament current was 150 mA. Samples (1 mg dissolved in 15 ~1 of acetone) 
were injected with a 50-,~l Hamilton syringe. The fractions IVa-IVf were collected in glass capillaries, 
100 mm long and 1.3-1.7 mm bore, connected to the detector outlet by a silicone rubber gasket. 
The capillaries were changed manually between fractions. 

When the gaseous compounds from the detector outlet passed the temperature gradient in the 
capillary at the gasket, they formed aerosols which passed through the capillary without coagulating. 
When a short plug of supertine glass wool was placed in the capillary in the temperature gradient at 
the gasket, the aerosols coagulated without staying in the glass wool, but crystallized in the cooler 
part of the capillary free from the glass wool. The advantage of this arrangement over placing the 
glass wool in the cooler part of the capillary was that it was possible to remove the glass wool from 
the capillary without touching the crystals, and the need to extract the crystals from the glass wool 
before determination of the melting point could thus be avoided. 

The amount obtained in each capillary was 0143 mg, which was used for the determination of 
the melting point of the compound and the synthesis of the picrate. The chromatograms in stage IV 
of Fig. 2 give the results obtained from the analyses of the fractions IVa-IVf, carried out on the material 
already used for the determination of the melting points. The material on the microscope slides was 
dissolved in acetone and drawn up with a 10 ,~l Hamilton syringe. With this method the amounts 
of sample injected varied slightly from one fraction to another. 

Identification 

Two methods of identification were used; comparison of the retention times and determination 
of the melting points. In addition it was possible with some of the peaks to make a direct comparison 
with an authentic sample in the gas chromatograph. 
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grams show the analyses of the different fractions. 
Analyses run on P.E. F/6 with 0.1% solutions in acetone. Column temperature 
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Relative retention times. Since the temperatures of elution used in this work differ from those 
used by Solo and Pelletier,l the comparison of our data for peaks A to F with their definitive list of 
relative retentions demands adjustment of our values. Solo and Pelletier have shown that for each 
of the solvents used, the data for retention relative to phenanthrene for elution at two temperatures 
are related by 

log kdT1 = a log hdT2 

c.e., 

b)T1 = kdaTg 

Hence to carry out the conversion, two internal standards are needed to eliminate a; phenanthrene 
and retene were chosen. We may now write 

rl = rP and Rs = RP 

where rr = the measured retention for some substance relative to phenanthrene 
rs = rf recalculated to the temperature used by Solo and Pelletier 

Rf = the measured retention of retene relative to phenanthrene 
Re = Rf as measured by Solo and Pelletier. 

Then 
log rs = a log rf 

and 
log Rg = u log RI 

log rs = 
log rf . log Re 

log Rr 

The fractions IIIa to IIIf were used for the determination of the retention times of the peaks A-F, 
because each peak was the main component in its fraction at this stage. The determinations were 
carried out on three different column phases, SE-30, QF-1 and NPGS, chosen in accordance with 
Solo and Pelletier’s list. Column 3 was used in the P.E. 800 with a carrier gas flow-rate of 25 ml of 
nitrogen/mm and a column temperature of 190” for peaks A-D and 220” for peaks E and F. Column 
4 was used in the P.E. 800; carrier gas flow-rate 25 ml of nitrogenlmin; column temperature 200” 
for peaks A-D and 210” for peaks E and F. Column 6 was used. in the P.E. F/6; flow-rate of the 
carrier gas 15 ml of nitrogenlmin; column temperature 200” for all peaks. The injection temperature 
was 250” for all three columns, and l-p1 samples of 1% acetone solutions were injected with a lo-p1 
Hamilton syringe. 

Melting points. Melting points for the compounds (in fractions IVa-IVf) and their picric acid 
derivatives were determined with the aid of a Kofler hot-stage microscope. The temperatures obtained 
are temperatures of equilibrium. The temperature intervals state the limits within which all crystals 
melted. 

RESULTS 

Tables I and II show that the relative retention times and melting points of A,, 
AZ, Br and C agree well with the values given for the corresponding alkylphenanthrenes 
in reference works. In addition, when A,, A,, Bl and C were each chromatographed 
together with an authentic sample of the corresponding alkylphenanthrenes, the peaks 
coincided. 

It was not possible to determine the melting point of B, because the amount 
obtained was too small, and as no retention data were available from reference works, 
B2 was identified by direct comparison with authentic samples in the gas chromato- 
graph. This test showed that the peaks of B, and 9,10-dihydroretene coincided. 

The melting point of the retene picrate was determined as 128.3-128.9” which is, 
rather surprisingly, somewhat higher than the value of 123-124”ll and 126”12 indicated 
in the literature. The melting point of the picrate was checked in a Perkin-Elmer 
D.T.A. apparatus and a sharp peak indicating the melting point was obtained at 
128”. No other changes occurred in the picrate when the temperature was increased 
at 8”/min from 100” to 140”. 
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TABLE I.-RELATIVE RETENTION TIMES 

Cohmm phases and temperatures 
Alkylphenanthrene for comparison* 

SE-30 240°C QF-1 215°C NPGS 225°C 

Phenanthrene 

1-Methylphenanthrene 

ZEthylphenanthrene 

1,7_Dimethylphenanthrene 

9,10-Dihydroretene 

I-Methyl-7-ethylphenanthrene 

1-Methyl-7-isopropylphenanthrene 

1,3-Dimethyl-7-ethylphenanthrene 

1,3-Dimethyl-7-isopropylphenanthrene 

1.00 1.00 1.00 
l-52 1.50 1.51 
l-52 1.50 1.51 
1.85 1.80 1.72 
1.89 1.80 I.73 
2.11 2.13 2.06 
2.13 2.14 2.05 
245 160 1.49 
- 

2.80 
283 
3.33 
3.33 
3.80 
3.80 
4.45 
4.62 

2;73 
2.72 
3.06 
3.06 
3.55 
3.66 
4.09 
4.15 

- 
260 
2.59 
2.87 
2.87 
2.92 
3.03 
3.27 
3.28 

* The relative retention times of the alkylphenanthrenes are given by Solo and Pelletier,’ and 
all original data for the peaks A-F have been recalculated to the quoted temperatures for comparison. 

TABLE II.-MELTING POINTS 

Compound 
Melting point, “C 

Alkylphenanthrene Picrate 

Al 
I-Methylphenanthrene 
-& 
2-Ethylphenanthrene 
& 
1,7_Dimethylphenanthrene 
C 
I-Methyl-7-ethylphenanthrene 
D 
I-Methyl-7-isopropylphenanthrene 

121.7-122.2 137-138 
122*O-122.56 1396 
65.0-65.5 95-O-95.5 
65.0-65.5’ 94.58 
82.5-83.0 131-132 

85-86O 132B 
92.5-93.0 135*5-136*5* 

87.51° 13410* 
101~0-101*5 128.3-128.8 
100~5-101~0” 123-12411 126r* 7 

* Derivative with 1,3,5-trinitrobenzene. 

The relative retention times of peak E correspond to those of 1,3-dimethyl-7- 
ethylphenanthrene. An attempt to determine the melting point of fraction IVe gave 
a melting range between 65” and 75”. Mass spectrometric analysis of fraction E was 
carried out at Karolinska Institutet, Stockholm, by Dr. R. Ryhage. It showed that 
the presence of compounds with molecular weights 234 and 248. No authentic sample 
of 1,3-dimethyl-7-ethylphenanthrene was available. 

The relative retention times of peak F correspond to those of 3-methylretene. 
The determination of the melting point gave 35-45”, while Jacobs and Craig13 state 
70-72” for 3-methylretene. The melting point of the picrate was 132-136’; Jacobs 
and Craig13 give 143-144”. In column 7 fraction IVf separated into two peaks of 
about the same size. When an attempt was made to increase the amount injected in 
this column, in order to get enough material for the determination of the melting 
point, the separation was reduced considerably and no improved melting point was 
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obtained. No authentic sample of 3-methylretene was available. Fraction IVf was 
analysed by mass spectroscopy and the results indicated that fraction contained 
compounds with molecular weights 248,262,274 and 288. 

Acknowledgements-The author wishes to thank Professor K. J. Karrman for valuable ideas and his 
interest in this work. Thanks are also due to Dr. L. Haraldson for interesting discussions. 

Zusammenfassung-Verschiedene Tremrmethoden, besonders die Gas- 
chromatographie, wurden auf Reten aus Kiefernholzteer angewandt. 
Die relativen Retentionszeiten auf drei verschiedenen Slulen sowie 
die Schmelzpunkte dienten zur Identifikation der fol enden Verbindun- 

% gen neben Reten selbst: I-Methylphenanthren, Z- thylphenanthren, 
1,7-Dimethylphenanthren, I-Methyl-7-lthylphenanthren, 9,10-Di- 
hydroreten tmd miiglicherweise 1,3-Dimethyl-7-lthylphenanthren 
sowie 1,3-Dimethyl-7-isopropylphenanthren. Alle Substanzen bildeten 
am Auslal3 des Gaschromatographen Aerosole. Zur Koagulation 
dieser Aerosole erwies sich feinste Glaswolle als ausgezeichnet gee&net. 

R&sur&--On a applique differentes methodes de separation, speciale- 
ment la chromatographie en phase vapeur, au retene brut obtenu du 
goudron de bois de pm. Les temps de retention relatifs sur trois 
colonnes differentes et les points de fusion ont Btt utilids pour identifier 
les composes suivants a c&e du ret&e lui-meme: 1-methylphen- 
an&r&, 2&hylphenanthrene, 1,7-dim&hylph&~anthrene, l%ethyl 
7-ethvlnh6nanthrene. 9.10-dihvdroretene et urobablement les 1.3- 
dim&hi1 7-ethylphenanthrene e’t 1,3-dim&hyl7-~sopropylphCnanthr&e. 
Toutes ces substances forment des aerosols ii la sortie du chromato- 
graphe en phase vapeur. On a trouve que la laine de verre surflne est 
un excellent moyen de coagulation de ces aerosols. 
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Summary-A new method based on the substoichiometry principle 
has been developed. Instead of substoichiometric amounts of chelating 
agent, substoichiometric amounts of aqueous solution of a competing 
metal are used. Theoretical relationships have been derived for 
this method of substoichiometric replacement. Possibilities for its 
application are discussed. 

SEPARATION methods in radiochemical analysis, especially in activation and isotope 
dilution analysis, have been significantly simplified by using the principle of sub- 
stoichiometry,1*2 which avoids the necessity of determining the chemical yield of the 
separation. A still greater advantage of substoichiometry lies in the fact that the 
selectivity is substantially increased. 

The conditions of substoichiometric separation by solvent extraction have been 
theoretically derived by the authors of this principle-Rt!iiiEka and Staq.1*2 They 
started from the reaction: 

M + m(HA),,, + (MAm& + mH (1) 

where the subscript “erg” denotes the organic phase. Here and elsewhere, charges 
are omitted for simplicity. Reagent HA is added in smaller amounts than those 
stoichiometrically corresponding to the quantity of metal M present. The relationship 
for the value of the threshold pH of the separation was derived, assuming that more 
than 99.9 % of the organic reagent was used to form the complex MAm. The relation- 
ship for the selectivity of the separation was also derived. 

Substoichiometric separation carried out in this way is very advantageous for 
elements having high values for their extraction constants, but is not very suitable 
for the determination of metals having low extraction constants, because all metals 
with higher extraction constants will interfere. For this reason we tried to find a 
substoichiometric procedure suitable for these elements as well. 

On the basis of the same considerations as those of Ri%Eka and Starfr we can 
derive similar relationships for substoichiometric replacement, and consider sub- 
stoichiometry somewhat more generally. The idea of a “reagent”, added in sub- 
stoichiometric amounts as regards the metal determined, is relative. Let us consider 
the use of the substoichiometry principle for exchange reactions of the following 
kind : 

nMAm _t mN G+ mNAn f nM (2) 
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where M and N are cations with charges m+ and nf respectively, and A is the 
univalent anion of a chelating agent. Two cases are possible: either a substoichio- 
metric amount of the chelate MAm is added for the determination of metal N, or a 
substoichiometric amount of an aqueous solution of metal N is added for the deter- 
mination of metal M. In the former case the radioactivity of the organic phase 
is measured, and in the latter, that of the aqueous phase. 

The former case has already been applied3a4 in cases where solutions of metal 
chelate in the organic phase were found to be more stable towards decomposition 
than the organic reagent solution HA itself. 

In the present paper we shall deal with the second case, i.e., addition of a sub- 
stoichiometric amount of replacing metal N. 

THEORETICAL 

Consider the following equilibrium: 

n(MA,),, + mN + m(NA,),,, + nM. (3) 

In this case the metal M is displaced into the aqueous phase from the solution of 
the chelate MAm in the organic phase by addition of a substoichiometric amount of 
aqueous solution of the metal N. 

The equilibrium (or exchange) constant of reaction (3) is 

K 

e 
_ MnNW& 

M%nl~r, WI” ’ 
(4) 

The extraction constants of both reacting metals are determined from the relation- 
ships : 

K 
M 

= tWnI,,,[Hl” ; KN = NUor,[Hl” 
[HAI& [Ml WI D-WL, 

(5) 

where [HA],,, denotes the equilibrium concentration of organic reagent in the 
organic phase. 

After introducing equations (5) into equation (4) we obtain: 

KiVm Ke=-. 
KM~ 

(6) 

By substituting the equilibrium concentrations [Ml, [NAJors and m] into 
equation (4) we may derive the condition for the substoichiometric separation of 
metal M in accordance with reaction (3). 

The equilibrium concentration [NAn],,rg is derived on the assumption that more 
than 99.9 % of the reagent N is used to form the complex NAn, i.e., 

NU,,, - Vorg > 0.999 CN . v (7) 
where Vorg and V are the volumes of the organic and aqueous phases respectively 
and CN is the original concentration of N in the aqueous phase. This condition 
ensures that the same amount of metal M is always isolated by reaction (3) with a 
relative error less than O-1 ‘A, i.e., with the accuracy of current analytical methods. 

The equilibrium concentration of the chelate, [MA,],,,, is determined from the 
relationship 

M%,l,,g* vorg/m = c&fA,’ vo,& - CN*VI~~ (8) 

where c&rA m denotes the original concentration of MAm in the organic phase. 
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For the equilibrium concentration of metal N in the aqueous phase, the following 
expression must apply: 

[N]*V = O*OOl c,V. (9) 

By solving equations (4)-(g) we obtain the expression: 

However, having an excess of chelate MAm present in the organic phase (with 
respect to the quantity of N added), we must also consider a possible release of M 
by the reaction 

(MA,&,rg 4 mH + M t mW%,, 

with equilibrium constant 

01) 

Ml PW& 1 
&’ = [MA,],,,[H]” = Knr * 

(12) 

To prevent such a release (which is a replacement side-reaction with protons) 
the following condition must be fulfilled: 

[HA],,,, Grs Q 0,001 cMAm yorg* (13) 

That is to say, the metal chelate in question must be stable at the pH used. 
From equations (8), (12) and (13) we obtain for the value of the threshold pH: 

which is the same as that given by R&%ka and Starjr.lea Equation (14) is fulfilled 
only for the condition pH < p&A + log(V,,/V), where &A is the dissociation 
constant and P=A the distribution coefficient of the organic reagent. Moreover, for 
replacement substoichiomet~ the conditions (10) and (14) must both be fumed. 

It follows from an analysis of equations (10) and (14) that the second term on 
the right-hand side of the former and the first on the right-hand side of the later can 
be neglected, as the other terms are of far greater importance. In activation analysis 
we work with approximately 10-3M solutions. If Y equals VOrs, equations (10) 
and (14) are simplified : 

mlog KN - nlog K,, z3 3m (15) 

pH > 6 - $ log KM. (16) 

From the known values of extraction constants and by means of equations (15) 
and (16) we can predict whether substoichiomet~~ replacement is possible, and 
over what pH-range. 

In practice, however, we must consider that metal ions in the aqueous phase are 
not in the form of free cations, but may be subject to hydrolysis and formation of 

2 
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complexes with complexing agents present in the solution. This can be dealt with by 
introducing Ringbom’s a-coefficient,5 defined by the expression 0~~ = [M’]/[M] 
where [M’] is the total concentration of metal M in the aqueous phase and [M] is 
the concentration of free cations of the metal. The coefficient CX~~ when a complexing 
agent is present can be computed from the relationship 

aM(n) = 1 + API + /WV + . . . + bn[Bl” (17) 

where pl, ,& . . . . Pm are the overall stability constants of successive metal complexes 
with reagent HnB and [B] is the equilibrium concentration of the anion of the 
complexing agent at the pH used. The a-values for various metals, complexing 
agents and pH-values are tabulated. 5 When a complexing agent is present we must 
use the conditional extraction constants5 in equation (5): 

aM 002 

Substituting equations (18) in equation (15) we obtain a general condition for 
substoichiometric replacement: 

KN KM 
m log - - n log - > 3m. 

aN EM 
(19) 

Analogously, on substituting in equation (16) and considering the dissociation of the 
organic reagent HA in the aqueous phase, we obtain the relationship for the value 
of threshold pH: 

pH> 6-;logz+log 

So far we have considered that only chelate MAm is present in the organic phase. 
In general, the organic phase will also contain chelates of other metals extractable 
under the given conditions. Even in this case a selective separation of metal M can 
be worked out, but free reagent HA must not be present in the organic phase. 

The ratio of the concentrations [M’] and [P’] of two metals replaced from the 
chelates MAm and PA, by reagent N can be calculated from the following relationship: 

[M’] 

-(-1 

KN (n-s)'n -5~ . 

Lp’l aN ap 

(m-s)ln DfhnI,,, 
* [PA&g * 

(21) 

In this case the presence of complexing agents in the aqueous solution of reagent N 
is already taken into consideration, [M’] and [P’] being the total concentrations of 
metal M and metal P species in the aqueous phase. 

In stoichiometric separation, the selectivity of the separation of two metals is 
greater than in separation with an excess of reagent. Consider a simple case where the 
organic phase contains equal concentrations of chelates MAm and PA,, and suppose 
m=p=z; we want to obtain quantitative separation of metal M from metal P 
by means of an excess of N, i.e., to reach a state where [MA,],,,/[PA,],,, < 0.01 and 
[M’]/[P’] > 100, which requires that the ratio KpaM/apKM should be greater than lo4 
and hence that the pH and the concentration of N have to be accurately maintained. 
With substoichiometric separation, by using an amount of N corresponding to 
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half the quantity of M present, the same result can be achieved (i.e., [M’]/p’] > 100) 
even if the value of KpaM/c+KM is as low as 200, because [MA,],,/[PA,],, is then O-5. 
In this case, the selectivity of substoichiometric separation does not depend on the 
choice of the replacing metal N, provided that con~tions (19) and (20) are fu~lled. 

On the basis of the known values of extraction constants and a-coefficients the 
most suitable conditions (pH, masking agent, etc.) for a selective separation of a 
number of metals may be chosen with the aid of relationships (19), (20) and (21). 

We have assumed that no free organic reagent HA is present in the organic 
phase. This condition may be fulfilled by extracting a group of metals by reagent 
HA into the organic phase and stripping excess of HA from the organic phase by 
washing with water adjusted to a pH greater than pkl,, + log P,,+ log V&/V. 
Metals forming extractable chelates that are unstable at this pH are also decomposed 
and stripped. Then the chelates remaining in the organic phase can be replaced by a 
substoichiometric amount of N. Alternatively, the presence of free organic reagent 
HA can sometimes be avoided by using a substoichiometric amount of it for the 
initial extraction. Another possibility is the chemical destruction of the free reagent, 
as it is often Iess stable than its metal chelates. 

APPLICATION 

Some practical consequences of the theoretical relationships may be shown in the case of the 
dithizonates and diethyl~thioc~b~at~ of heavy metals. 

The extraction constants of dit~~nat~ and dissociation constants and ~stribution coeflicients 
of the reagents used in the calcuIations are taken from Star$‘s monograph.B The vaiues of the extrac- 
tion constants of mercury and copper diethyldithiocarbamates are taken from Rratzer’s work’ 
(log KH~ = 31.9 and log K ou = 13.7 for carbon tetrachloride). The x-coefficients are calculated 
from the stability constants* by means of equation (17). 

It follows from equations (14) and (20) that the lower [M&l 
of substoichiometric repIacement. 

0rs is, the narrower is the pH range 
This is shown in Fig. 1 in the case of replacement of indium from 

its dithizonate in chloroform solution by amounts of merc~y(~) equivalent to 50% of the amount of 
indium dithizonate. The pH ranges observed agree in general with those predicted from equations 
(14) and (20)-the theoretical pH range for 3.3 x 10-W indium dithizonate in chloroform is 7-9. 
Good reproducibility of substoichiometric replacement separation with that concentration of indium 
dithizonate has been proved experimentally, Fig. 2. 

It follows from the values of the extraction constants that copper is replaced from copper(I1) 
diethyldithiocarbamate [Cu(DDC),l by mercury(I1). On the other hand, in the presence of iodide 
(which forms a very strong tetraiodomercurate(I1) complex,” log K = 29-S) it is possible to replace 
mercury from rn~c~y~1) ~ethyldithioc~~mate [Hg(DDC),] by copper. The pi-d~dence of 
this substoichiometric replacement is shown in Fig. 3 for an amount of copper equivaient to 50% of 
the mercury(H) diethyldithiocarbamate. 

The experimentally determined pH range was 45-105, which is in accordance with the range 
5-11 calculated from the relationships (14), (19) and (20). 

The curve in Fig. 3 shows that in more acidic systems the replacement of mercury is limited by the 
instability of the excess of Hg(DDC), in the organic phase [equations (14) and (20)], and in alkaline 
media by the relative weakness of Cu@DC), [equation (19)], so that at high pH copper does not 
replace mercury even in the presence of iodide. 
shown in Fig. 4. 

The ~producib~ty of this separation (at pH 6) is 

The method of substoichiometric replacement has been used in practice for the determination of 
the traces of thallium by activation analysis.8 

CONCLUSION 

In this paper theoretical relationships for substoichiometric replacement have been 
derived. The possibility of the formation of several extractable complexes of a given 
metal has not been considered-in such cases the relationships derived would be 
more complicated and so would all the theory. Fortunately this case occurs but 
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FIG. 1 .-Effect of pH on substoichiometric replacement of indium from In-dithizonate 
by mercury(R). 

Substoichiometric amounts (50 %) of HgB+ were added. Activity of the aqueous phase 
(114mIn) was measured. The horizontal part of the curves corresponds to 50% of the 
total activity of ll*mIn. Shaking time 40 sets. V = Vorg = 10 ml. Concentrations of 
In-dithizonate in CHCI,: a-3.3 x 10-6~; b-3.3 x 10-6~; c-3.3 x 10-4M. 

FIG. 2.-Reproducibility of substoichiometric replacement of indium from In- 
dithizonate by mercury(R). 

Y = V,,=, = 10 ml. Concentration of In in the organic phase was varied and a fixed 
quantity of Hg (250 rg) added. The pH of the aqueous phase was -8. Activity of 

lrQ% in the aqueous phase was measured. Shaking time 40 sec. 
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25 

FIG. 3.-Effect of pH on substoichiometric replacement of mercury(U) from Hg- 
diethyldithiocarbamate by copper in the presence of iodide. 

Substoichiometric amounts (50%) of CuP+ were added. 
(208Hg) was measured. 

Activity of the organic phase 
The horizontal part of the curve corresponds to 50% of the total 

activity of *OsHg. Hg@DC)B 1 x lo-*M in CC&; 0.1M KI. Shaking time 10 min. 
V= VorB = 10ml. 

0 50 I;, --“, Hg n ~p9 p’me 
MO 

FIG. 4.-Reproducibility of substoichiometric replacement of mercury from Hg-diethyl- 
dithiocarbamate by copper(I1) in the presence of iodide. 

V = Borg = 10 ml. Concentration of Hg in organic phase was varied and a iixed 
quantity of Cu (16 ,ug) added. Activity of rosHg in the aqueous phase was measured. 

The pH of the aqueous phase was -6; @lM KI. Shaking time 10 min. 

seldom with the majority of the common chelating extracting agents (though some 
metals form secondary dithizonates with dithizone at higher pH-values). 

Substoichiometric replacement can be used even in cases where the usual sub- 
stoichiometric separation is not sufficiently selective. After some modifications it will 
be possible to apply replacement substoichiometry to separation procedures other 
than extraction and perhaps in other methods than activation analysis, e.g., in 
isotope dilution analysis. 
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R&sum&-On a &labor& une nouvelle methode basee sur le principe de 
la substoechiometrie. Au lieu de quantites substoechiometriques 
d’agent chelatant, on utilise des quantites substoechiometriques de 
solution aqueuse d’un metal entrant en reaction. On a calcule des 
relations theoriques pour cette methode de remplacement substoechio- 
metrique. On discute des possibilites d’application. 

Zusannnenfassnn8-Eine neue auf dem substijchiometrischen Prinzip 
beruhende Analysemnethode wurde entwickelt. Statt unterstochio- 
metrischen Mengen von Chelatbildner werden unterstiichiometrische 
Mengen wariger Losung eines konkurrierenden Metalls verwendet. 
Fur dieses Verfahren unterstochiometrischer Verdrarrgung wurden 
theoretische Beziehungen abgeleitet. Anwendungsmijglichkeiten wer- 
den diskutiert. 
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SPECTROSCOPY IN SEPARATED FLAMES-III* 

USE OF THE SEPARATED NITROUS OXIDE-ACETYLENE FLAME 
IN THERMAL EMISSION SPECTROSCOPY 
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Summary-The separation of a premixed nitrous oxide-acetylene 
flame at a modified commercial burner is described. The reducing 
interconal zone of the fuel-rich separated tlame exhibits low radiative 
background. The reducing atmosphere and high temperature of this 
flame result in an effective medium for the excitation of the atomic 
line spectra of the refractory elements. The use of the fuel-rich 
flame in the flame photometry of these elements has been investigated. 

IN a previous paper in this series we have reported several useful properties of the 
separated air-acetylene flame in thermal emission spectrosc0py.l The separation, 
for example, results in reduction, by several orders of magnitude, of the continuum 
background radiation due to the reaction CO + 0 -+ CO, + AY, and almost 
quantitatively suppresses the background molecular band-emission from OH. 

In order to provide high sensitivity in flame emission spectroscopy for elements 
which have high excitation potentials, or which form stable molecular compounds 
in most flames of hydrocarbons supported by air, high temperature flames of a 
reducing nature are required. Fuel-rich oxygen-hydrogen and oxygen-acetylene 
flames have been used by several workers to meet these requirements.~*3*4 Because 
of the high burning velocities of these mixtures, these flames are usually maintained 
on non-premix burners of the total consumption type. The turbulent flames which 
result at most burners of this type have several undesirable properties compared with 
the properties of premixed flames. Thus the flames are generally turbulent and noisy, 
and exhibit ill-defined reaction zones which result in high background radiation from 
the flame itself. In addition, atomization in the flames is usually ine~cient owing to 
the introduction of relatively large droplets of the solution aspirated from the direct 
nebulizer. 

Premixed oxy-acetylene and oxy-hydrogen flames are difficult to support owing to 
theirextremely high burning velocities. Fassel and co-workerss*s have reported the pro- 
duction of a low background oxy-acetylene flame of this type, however, using a total 
consumption nebulizer-burner fitted with a short capillary which acts as ami~ng phi- 

ber for the unburnt gases. Recently, the advantages of the premixed nitrous oxide- 
acetylene flame have been demonstrated for atomic absorption spectroscopy.7 This 
flame attains a high temperature without an excessively high burning velocity. The 
fuel-rich nitrous oxide-acetylene flame also exhibits the strongly reducing properties 
necessary to support the existence of free atoms of many elements which form 
thermally stable oxides, The premixed nitrous oxide-acetylene flame, therefore, 
would appear also to possess considerabIe potential for emission flame spectroscopy. 

* Part II: Tdunta, 1968, 15, 199. 
7 On study leave from the University of Oslo, Norway. 
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Owing to its high temperature the flame shows intense background emission from 
the flame species and reactions in the outer mantle (principally from the species OH 
and the reaction CO + 0 + CO2 + hv). Separation of the stoichiometric or 
slightly fuel-rich nitrous oxide-acetylene flame removes the background emission due to 
the diffusion zone which surrounds the primary region. Because the flame is protected 
from ingress of air, the reducing zone of the slightly fuel-rich flame becomes extended 
in length and provides an “atom reservoir” of high temperature, reducing properties 
and low radiative background. This paper reports the properties of this separated 
flame and its analytical application in flame photometry. The present investigation 
is restricted to those elements which normally form very stable oxides, with the 
result that their atomic line emission spectra are not generally observed in conven- 
tional cooler flames, and which also cannot be determined with great sensitivity by 
atomic absorption spectroscopy (even in the nitrous oxide-acetylene flame). 

EXPERIMENTAL 

Apparatus 
The burner and separator used in this study are shown in Fig. 1. The burner is based on a Unicam 

SP 900 emission burner in which the conventional Meker-type burner head is replaced by a stainless 

Silica 
window 

V 

Iu 

L 

k 

- N20/air 

Acetylene jet 

FIG. l.-Diagram of burner arrangement with silica separator mounted. 

steel head with a circular slot 0.50 mm wide and 11 mm internal diameter. The central steel plug of 
this burner head is threaded internally to take a threaded brass rod. The steel plug is held centrally 
in position in the burner head by grub screws or steel pins and the brass rod is centred in the burner 
stem by three brass positioning screws inserted at 120” intervals at the same height through the wall 
of the burner barrel (only one of these is shown in Fig. 1). The central brass column and brass 
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positioning screws also serve to conduct away heat from the central plug of the burner head. The 
silica separator tube used is 10 cm in length and 24 mm internal diameter. A short silica side-arm is 
fused to the separator tube and fitted with a B19 ground-glass cone and socket, to which an optical 
quality silica end-window is cemented. The silica separator fitted with sidearm and cone was supplied 
direct by Jencons Ltd., Hemel Hempstead, England. 

Air, nitrous oxide and acetylene pressures and flow-rates were controlled by the cylinder reduction 
valves and rotameters fitted with needle valves. It is necessary to light the flame on an air-acetylene 
mixture, and gradually to replace the air by nitrous oxide via an arrangement of a T-piece and two 
rotameters. The acetylene flow-rate may then be adjusted to produce a separated slightly fuel-rich 
flame with a well developed red interconal zone. A nitrous oxide flow-rate >5 I./min was always 
used in order to avoid any possibility of blowing back of the flame. 

The spectral emission from the flame species, and the atomic and molecular emission from 
elements introduced into the flame were examined and identified, with the burner mounted on the 
optical bench of a Hilger Large Quartz Spectrograph. The quantitative flame photometric examina- 
tion, establishment of spectral line intensities, detection limits and recordings of flame spectra were 
made with a Unicam SP 900A flame spectrophotometer fitted with a O-10 mV Honeywell strip chart 
recorder. For work at higher resolution the burner was mounted on the optical bar of a Techtron 
AA4 atomic absorption spectrophotometer. The atomic and molecular emission from the separated 
flame was modulated by a Techtron flame chopper (285 cps) and viewed by the monochromator and 
a.c. detector system of the apparatus. This spectrophotometer was fitted with a spectrum scanning 
motor (10 A/min) and Sargent recorder. Thus in both spectrophotometers the burner arrangement 
employed replaced the conventional burner unit fitted to the commercial flame spectrophotometer 
unit. The indirect nebulizers of both instruments were retained and sample solutions were aspirated 
with nitrous oxide. All measurements were made with the observation window of the separator 
placed directly in front of the entrance slits, and in the case of the Techtron instrument the modulating 
chopper was positioned between the slit and the observation window. 

RESULTS AND DISCUSSION 

Flame emission characteristics 

When the flame is lit, the primary reaction zone of the premixed separated flame 
adopts a shallow conical form at the slot of the burner head. The diffusion zone, 
where the hot reaction products of the primary combustion burn with support from 
surrounding air, is maintained at the top of the separator tube. The interconal zone 
of the flame, opposite the observation window, is virtually radiationless for a stoichio- 
metric flame (C,H, + 2N,O). The interconal zone of fuel-lean flames, however, 
exhibits some OH background radiation and continuum owing to the reaction of the 
carbon monoxide with the excess of oxygen. Slightly fuel-rich flames exhibit intense 
emission from the CN red and violet band systems (the ‘red-feather’ of atomic 
absorption flames). In the unsheathed type of flame commonly used in atomic 
absorption spectroscopy of the refractory elements, the reducing zone is restricted 
owing to the ingress of air from the surroundings. In contrast to this, the reducing 
CN zone in the separated flame extends well above the top of the separator, although 
the CN emission is most intense in the hottest part of the flame immediately above 
the primary zone. When the mixture strength exceeds ca. 1.1 in rich flames, the excess 
of carbon provided by the fuel is not utilized in the reaction in the primary zone to 
form CN, and the flame then becomes luminous owing to the formation of solid 
carbon. 

The observation side-arm and window were positioned vertically to view the area 
just above the primary zone and to avoid interference from the intense radiation 
which it emits. Figure 2 shows the recorded flame spectrum from this part of the 
slightly fuel-rich flame, obtained with the Unicam spectrophotometer. This exhibits 
emission from molecular band systems of C,, CH, NH and CN, the principal 
feature being the intense emission from the CN violet sequences, of which the most 
intense band heads occur at 3883.4 A (O,O), 3590.4 A (1,0) and 4216-O A (0,l). 
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FIG. 2.-Background emission spectrum of separated fuel-rich flame (recorded with 
prism spectrometer). 

The flame background is otherwise very low in the visible region above 4200 A and 
extremely low in the ultraviolet part of the spectrum. The OH band emission, which 
is so troublesome between 2811 A and 3200 a in the emission spectroscopy of many 
elements in conventional flames, is almost quantitatively suppressed. The background 
chemiluminescence continuum from the reaction CO + 0 + COz + hv is also 
absent in the interconal zone of the separated flame. The cause of this suppression 
of the OH and CO + 0 background is the absence of excess of OH or oxygen in 
this zone of the fuel-rich flame. Further oxidation of the interconal gases to produce 
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this background can only occur at the top of the separator tube in the diffusion zone. 
When the ‘Iechtron AA4 grating monochromator is used, its high resolution (33 A/ 
mm) ensures that o&y at w~ye~en~hs near the three violet C&sequences is the f&me 
background significant, 

A comparison of the background emission of the separated dame and a similar 
unseparated conventional flame at the sxne burner showed that separation resulted 
in reduction by a factor of 15 in the CO + 0 continuum background at 4000 A. 
The reduction factor in the OII background radiation between 3054 and 32QOA 
was a~~ro~mateIy 50& The su~~~sio~ of the background emission in this region 
is ~a~c~arly important because afuminium, moIybdenum, titanium and vanadium 
all have important resonances lines in the region 3080-3200 A. Figure 3 iliustrates 

this, and compares the hackground emission intensity from an unseparated fIame 
with ths emission spectrum from the intercanal part of the fuel-rich separated flame 
when a MO-ppm molybdenum solution is aspirated. It is not possible to show these 
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two spectra on the same intensity scale, owing to the intense emission from the 
unseparated flame in this region. Without the flame separator it would be practically 
impossible to observe atomic emission in this region of the spectrum, except for 
concentrated solutions and with extremely high resolution spectrometers. 

In addition to the suppression of the OH and CO + 0 continuum background, 
we have found that the absolute intensity of the band emission due to CN increases 
in the separated flame relative to the CN emission from the unseparated flame. 
This appears to be a direct result of the protection of the reducing interconal zone 
from atmospheric oxygen. We have also observed an increase in emission for the 
atomic emission from the refractory elements introduced into the fuel-rich separated 
flame, relative to their emission in the conventional flame. This increased atomic 
emission occurs in spite of the fact that the separated nitrous oxide-acetylene flame, 
like the separated air-acetylene flame reported earlier,l must inevitably be slightly 
cooler than the unseparated flame. It is possible that the reducing protected inter- 
conal zone of the separated nitrous oxide-acetylene flame supports the ground state 
population of free atoms of elements which form refractory oxides more efficiently 
than the unseparated flame. 

The unique reducing properties of the separated fuel-rich nitrous oxide acetylene 
flame are due to the high concentration of CN in the interconal zone and the high 
flame temperature. The reducing effect can be illustrated in the separated flame by 
studying visually the effect of varying the nitrous oxide-acetylene mixture strength 
when concentrated solutions (OelM) of elements which form refractory oxides are 
introduced into the flame. Vanadium, titanium and aluminium monoxides are 
normally formed and exhibit well-known molecular band spectra in most flames.* 
Emission from these same species is also observed in the lean and stoichiometric 
nitrous oxides-acetylene separated flames in the interconal zone, especially with 
vanadium and titanium which show intense yellow-green and yellow emission 
respectively. When the acetylene flow-rate is increased to produce a fuel-rich flame 
this emission gradually disappears from the interconal space and atomic V and Ti 
line emission takes its place. Emission from VO and TiO can then be observed at the 
tip of the violet-red reducing zone where it merges with the secondary diffusion 
zone. Molybdenum produces a green continuum emission in lean and stoichio- 
metric flames, attributable to higher oxides of molybdenum. When molybdenum is 
introduced into the fuel-rich flame, however, the whole interconal zone exhibits an 
intense orange-red emission. This emission is so intense that it completely masks 
the CN red visible emission. The species responsible for this emission is MOO, the 
emission from which in flames does not appear to have previously been reported, 
but has been observed in arcs between molybdenum poles.g Figure 4 shows a 
recording microphotometer tracing (from an Ilford Long Range spectrum plate used 
in the large quartz spectrograph) of the characteristic red portion of the MOO 
spectrum in the fuel-rich flame. The wavelengths of the strongest band heads have 
been assigned. 

Elements which do not normally give intense atomic emission in conventional 
air-acetylene or oxy-hydrogen flames, but which are readily atomized and excited in 
the reducing fuel-rich nitrous oxide-acetylene flame, include aluminium, beryllium, 
molybdenum, titanium, vanadium and tungsten. No significant atomic emission 
has been detected for boron, silicon, niobium, tantalum and uranium. The results 
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MOO 

FIG. 4.-Microphotometer recording of characteristic part of band spectrum due to 
MOO obtained in fuel-rich N,O-C,H, flame. Dotted line shows spectrum of flame alone 

(CN red band system) in same region. 
Ilford Long Range spectrum plate, Hilger Large Quartz Spectrograph, 50 ,u slit, 5 min 

exposure. Wavelengths of strongest band heads assigned. 

of a separate study of the emission from the rare earth elements in this flame are 
very promising and will form the subject of a later communication. The results for 
the other elements investigated are summarized in Table I, which gives the relative 
intensities of the strongest lines and the detection limits for the lines suggested for 
analytical flame spectrophotometry. Several other lines have also been observed, 
particularly for vanadium, which emits a very rich spectrum. In cases where the lines 
are not completely resolved, e.g., for the vanadium 3183.99, 3183.41 and 3185.40 A 
triplet, the intensity quoted is the peak intensity obtained with the Techtron spectro- 
photometer at a slit-width of 100 ~1 (3.3 A band-width). The detection limits quoted 
for the Techtron AA4 arrangement could probably be substantially improved if the 
modulating chopper were less bulky, so that the flame could be brought closer to the 
monochromator entrance slit. Under our experimental conditions the flame was 
about 12 cm from the entrance slit of the monochromator, and the slit views only a 
small area of the interconal zone of the flame. The light-gathering power of the 
Unicam SPBOOA spectrophotometer is much greater, but the resolving power of this 
instrument is relatively low, particularly in the visible region. The strong MO line 
emission at 3902.96 A, for example, is rather too cIose to the intense CN band head at 
3883.4 A to allow the use of this line for analysis with this apparatus. For the impor- 
tant ultraviolet region below 3200 A, however, the resolution of the prism instrument 
is fully adequate. The detection limits quoted in Table I illustrate the relative 
performance of the two instruments. When the Al lines at 3944.03 and 3961.53 A 
are employed for its determination, some radiation interference from the Ca+ 
(3933.67 and 3968.47 A) ion doublet is experienced when the lower resolution 
spectrometer is employed. This ionization interference from calcium can, however, 
be removed by the suppression of ionization by addition of potassium. 
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TABLE I.-!%N -S OBTAINED IN SEPARATED NITROUS-OXIDE ACETYLENE FLAME 

Relative Detection limit 

Element 
intensity* 

(prism 
spectrometer 

Unicam prism 
Techtron grating 

spectrometer 

100 p slit) 
spectrometer, (100 p slit), 

PPm PP” 

Aluminium 3961.5 217 
3944.0 108 
3092.7 17 
3082.2 8 

0.2 0.1 
0.5 0.2 

Beryllium 

Molybdenum 

2348.6 

386411 
3798.3 
3208.8 
3194.0 
3170.4 
3158.2 
3132.6 
3903.0 

3 2 0.3 

On CN Band 
148 

3 
13 
14 

1: 
100 

0.5 

0.5 
0.5 
1.5 
0.5 

10 

Titanium 3998.6 
3989.8 
3981.8 
3958.2 
3956.3 
3948.7 
3752.9 
3741.1 
3729.8 
3653.5 
3642.7 
3635.5 

40 
30 
26 

0.2 

0.5 

33 

20 
24 
17 
13 
27 

Vanadium 4408.5 
4406-l 
44006 
4395.2 
4390.0 
43847 
4379.2 
3185.4 
3184.0 
3183.4 

79 

9 
21 
40 
64 
86 

28 

1 0.5 

0.2 o-2 

Tungsten 4008.8 4 20 

* Relative to 3903 A MO line. 

Figure 5 shows the effect of nitrous oxide-acetylene mixture strength on the atomic 
emission of molybdenum, aluminium and titanium in the internal zone of the 
separated flame and also shows its effect on the molecular band emission intensity 
of CN in the same region. The intensity of emission from the atoms of these elements 
introduced into the flame shows a sharp increase when the mixture becomes fuel- 
rich and at the same point at which a steady increase in the emission intensity from 
CN begins to occur. The variation in absorbance due to CN at the 3883 A head of the 
(0,O) sequence of CN, as mixture strength in the unseparated flame is altered, has 
recently been reported, in a separate communication from this laboratory, to show a 
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Ratio of rotometer readings (C2HZ/N20) 

FIG. 5.-Effect of mixture strength on molecular band emission intensity from CN at 
3883 A band and atomic emission from aluminium (3961.5 A), molybdenum (3194.0 A) 

and titanium (3653.5 A). 

similar profile.lO It appears that the abundance of free atoms of refractory elements 
in the interconal zone is closely related to the population of CN in this region. The 
decrease in atomic emission intensity for the elements shown in Fig. 5 when the 
mixture becomes very fuel-rich may be explained by the slightly cooler nature of 
the richer flames. Figure 5 also shows that the mixture strength must be carefully 
controlled in order to obtain good sensitivity and precision when this flame is 
employed for the flame photometric determination of these elements. 

CONCLUSIONS 

The sensitivities obtained in thermal emission for the elements investigated in the 
separated nitrous oxide-acetylene flame compare very favourably indeed with the 
sensitivities obtainable in atomic absorption spectroscopy at long (5 cm) burners and 
conventional nitrous oxide-acetylene flames. The high sensitivity obtainable results 
from the high flame temperature, and the highly reducing nature of the fuel-rich 
separated flame, combined with its very low background emission. The extended 
reducing zone makes it easier to optimize the optical arrangement, and, for a given 
nebulization rate and fuel/oxidant flow-rate ratio, results in a larger total number of 
emitting atoms in the flame. The results obtained also compare favourably with the 
reported sensitivities in more conventional hot flames (oxy-hydrogen and oxy- 
acetylene) at non-premix burners. The low background and intense atomic emission 
available with this flame permit the use of a monochromator of quite high resolution 
at narrow slit-width without loss of sensitivity. The narrow band-pass thus obtained 
confers good selectivity in the flame spectrophotometric determination of the elements 
investigated and minimizes interference from the atomic or molecular emission of other 
species present in the flame. The relatively “clean” flame background spectrum also 
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facilitates the use of flame spectra for the qualitative identification of elements present 
in very dilute solutions introduced into the flame. Owing to the use of a stable 
premixed flame with low background, the flame noise levels are minimized (especially 
at the narrow slit-widths used), and good reproducibility is obtained. 

Acknowledgement-We are grateful to the Courtauld Research Foundation for a grant for the pur- 
chase of apparatus used in this study. 

Zusannnenfassung-Die Auftrennung einer vorgemischten Lachgas- 
Acetylen-Flamme an einem modofizierten handelstiblichen Brermer 
wird beschrieben. Die reduzierende Zone zwischen den Kegeln der 
aufgetrennten fetten Flamme zeigt geringen Strahlungsuntergrund. 
Die reduzierende Atmosphlre und die hohe Temperatur dieser 
Flamme liefern ein wirksames Medium zur Angregung der Atom- 
linienspektren der feuerfesten Elemente. Die Verwendung der fetten 
Flamme bei der Flammenphotometrie dieser Elemente wurde unter- 
sucht . 

ResumUn decrit la separation d’une flamme premelangee protoxyde 
d’azoteac&ylene avec un brfileur commercial modifit. La zone inter- 
conique reductrice de la flanune separee riche en combustible presente 
un faible fond rayonnant. L’atmosphtre reductrice et la haute 
temperature de cette flamme ont pour consequence un milieu efficace 
pour l’excitation des spectres de raies atomiques des elements rtfrac- 
taries. On a Btudie l’emploi de la flamme riche en combustible dans la 
photometrie de flamme de ces elements. 
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FLUORESZENZANALYTISCHE BESTIMMUNG VON 
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Mainz, Bundesrepublik Deutschland 

(Eingegangen am 10. Oktober 1967. Angenommenam6. Dezember 1967) 

Zusammenfassung-Zur Bestimmung von Sulfid im Bereich von 
l-long/ml wurde eine Methode ausgearbeitet, die auf der Fluores- 
zenzloschung einer alkalischen Losung von Fluorescein-mercuri- 
acetat (FMA) durch Sulfid oder andere Schwefelverbindungen 
beruht. Zur Standardisierung wird eine Diphenylthioharnstofosung 
verwendet. Die Standardabweichung ftlr die Bestimmung von 
3,5 ng/ml Sulfid war 0,17 ng/ml. Die Methode eignet sich zur Bestim- 
mung kleinster Schwefehnengen in organ&hen Substanzen nach 
einem hydrierenden AufschluS. 

DIE VORLIEGENDE Arbeit befast sich mit der Bestimmung von Sulfidionenkonzentra- 
tionen im unteren Nanogrammbereich als Voraussetzung fur eine allgemeine 
Bestimmung sehr kleiner Schwefelmengen. 

Von den verschiedenen in der Literatur beschriebenen Prinzipien zur Bestimmung 
sehr kleiner Sulfidionenkonzentrationenl-l3 wurde das von Wronski7-10Ja sowie 
Karush, Klinman und Marksll angegebene Verfahren, welches auf der Fluores- 
zenzliischung von merkurierten organischen Fluoreszenzfarbstoffen durch Sulfidionen 
beruht, als besonders leistungsfahig gefunden. 

Wahrend die Quecksilberverbindungen von Rhodamin B, cc-Naphthol, Morin, 
Cumarin und Eosin, wie orientierende Versuche zeigten, zu instabil sind und schnell 
der Hydrolyse unterliegen, eignet sich das Fluorescein-mercuri-acetat (FMA) zur 
LSschreaktion sehr gut, da nur in dieser Verbindung, wie molektilspektroskopische 
Untersuchungen und Vergleichsmessungen mit merkuriertem Eosin zeigten, eine 
C-Hg-Bindung vorliegt. Abbildung 1 gibt das Fluoreszenz-Emissions- und -Anre- 
gungsspektrum von FMA in 0,ln Natronlauge wieder. Das Anregungsmaximum 
liegt bei 499 nm und das Emissionsmaximum bei 520 nm. 

Die Fluoreszenz dieser FMA-Losung zeigt eine starke Abhiingigkeit von Konzen- 
tration, Aciditat, Licht, Temperatur und begleitenden Elementen. Die EintXisse 
dieser Faktoren wurden untersucht und lassen sich den Abb. 2-6 entnehmen. Die 
Fluoreszenzintensitat von FMA in 0,ln Natronlauge verliiuft im Konzentrations- 
bereich von 1O-8 bis 5 x 10-sm linear. 

Abbildung 2 tiber die AciditatsabhHngigkeit der Fluoreszenzintensiti von FMA 
zeigt, da13 nur im alkalischen Bereich, in dem FMA als zweiwertiges Anion vorliegt, 
Fluoreszenzstrahlung emittiert wird. Innerhalb des alkalischen Bereiches zeigt 
sich nur eine ganz geringe Abhangigkeit. Es ist also nicht erforderlich, mit stark 
alkalischen FMA-Liisungen zu arbeiten. 

FMA-LSsungen sind sehr lichtempfindlich, sodaB man sie im Dunkeln aufbe- 
wahren mu& Die Fluoreszenzintensitat einer FMA-Losung (8 ng FMA/ml) nahm 
im diffusen Tageslicht in 24 h urn 50% ihres Ausgangswertes ab. Im Dunkeln 
aufbewahrte LSsungen zeigen tiber mehrere Monate konstante FluoreszenzintensitSen. 

3 451 
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ABe. 1.---Fluoreszenz-Anregungsspektrum yon FMA in 0,1n NaOH, Emissions- 
wellent~inge 2~ 520 nm - -  

Fluoreszenz-Emissionsspek-trum yon FMA in 0,1n NaOH, Anregungswellenlfinge 
IA 499 nm 
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A~B° 2.--Acidit~tsabh~ingigkeit der Fluoreszenzintensit~t der FMA-I.~sung (ln 
NaOH). Der Intensit~itsabfaU im alkalischen Bereich wird dutch Verdiinnung bedingt. 
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A~B. 3.--Lichtabh~ngigkeit der Fluoreszenzlntenslt~t der 0,1n natronalkalischen 
FMA-L~sung (8 ng FMA/ml), die im diffusen Tageslicht aufbewahrt wurde. 
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ASS. 4.--Tempcratu~bh~ingigkeit dcr Fluoreszcnzintcnsit~t der 0,1n natronaIEalischen 
FMA-LiSsung (16 ng FMA~ml)  

Fluoreszenzintonsit/it bei 20 C ---- Io 
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ABe. 5.--Beeinflussung der FluoreszenzintensitAt der 0,1n natronalkalischen FMA- 
LSsung (82,3 ng FMA/ml) dutch Kationen. 

Wi¢ bei den meisten fluorcszierenden Verbindungen ist auch bei alkalischen 
FMA-LSsungen eine starke Temperaturabhangigkeit der Fluoreszenzintensit/it 
festzustdlen. Sie nimmt erwartungsgemiig mit steigender Temp~ratur at). 

StSrungen werden bereits durch die Gegenwart yon F¢ 2+-, Foa+-, Co'+- und 
Ni~+-Ionen im Nanogrammbereich verursaeht, w~ihrend Cua+-, Cd=+-, Alkali- und 
Erdalkali-Metallionen die Fluoreszenzintensitiit der FMA-LSsung im Konzentra- 
tionsbereich von 0,1-1 Fg/ml noch nicht beeinflussen. Fluorid, Chlorid, Bromid 
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(I)= Nullkuvette 
(2)= Chlorld 
(3)= Bromid 
(4)= Jodld 

O,3 0,4 0-5 W 0,7 

Hologenld, m 

ABB. 6.-Einflua von Anionen auf die Fluoreszenzintensit&t; Bedingungen und 
Konzentration von FMA siehe Diagr. 5. 

sowie Nitrat, Sulfat und Phosphat stiiren ebenfalls nicht, Jodid stiirt erst in groDem 
uberschufi. Bei einer Jodidkonzentration von 0,07m wird die Fluoreszenzinten- 
sitat der FMA-Losung zu 50% geliischt. Die Fluoreszenz von alkalischen FMA- 
Lijsungen wird durch Sulfidionen proportional der Sulfidkonzentration geltischt 
(vgl. Abb. 7). 

Mit Hilfe einer zweiten, von der Fluoreszenzliischung unabhlngigen Bestim- 
mungsmethode2, bei der die Sulfidionen mit einer 0,OOln Cadmiumacetatliisung 

I 
80- 

2 4 6 8 IO 12 
~1 SulfIdldsung 

fbB. 7.-FluoreszenzlSschkurve von 0,ln natronalkalischer FMA-Liisung (82,3 ng 
FMA/ml) durch Sulfidlijsung (2 * 10-5m). 

gegen Dithizon titriert wurden, konnte die Stijchiometrie der Reaktion zwischen 
Sulfid und FMA bestatigt werden. Ein Mol FMA reagiert mit 2 Mol Sulfid. Die 
Bestimmung von 3,5 ng P-/ml lie13 sich durch die Fluoreszenzliischreaktion mit 
einer relativen Standardabweichung von &4,9 ‘A (20 Bestimmungen) reproduzieren. 

Sulfidlosungen sind unter normalen Bedingungen ohne besondere Vorkehrungen 
umso unbestandiger, je kleiner ihre Sulfidionenkonzentration ist. Da sich im 
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Schrifttum keine genauen Angaben iiber die Bestgndigkeit sehr verdiinnter SulfidlG- 
sungen finden, untersuchten wir die Haltbarkeit wZl3riger SulfidlGsungen im Bereich 
von lO_’ bis 10-6m mit Hilfe der FMA-Methode. Die Gegenwart von Sauerstoff 
envies sich als unwesentlich, wenn die LSsung viillig dunkel aufbewahrt wird. 
Dagegen ist eine sowohl alkalische als such neutrale 2 - lo-‘rn SulfidlSsung im diffusen 
Tageslicht sehr unbestgndig (Abb. 8). uber das Verhalten “sauerstofffreier” Sulfidl6- 
sungen, die nur schwer zu handhaben sind, liegen noch keine Ergbnisse vor. In der 
Literatur wird als Antioxidans Formaldehyd zur Stabilisierung von Sulfidl6sungen 
vorgeschlagen,la was sich aber bei lo-‘rn SulfidlSsungen als unzureichend envies 

! 50 

I 

2 4 6 f 

Zeit. h 

&iB. 8.-Abh5ngigkeit der FluoreszenzlGschung vom Alter der Su&lliisung, die im 
diffusen Tageslicht aufbewahrt wurde. 

Bei jeder Messung (im z&lichen Abstand von 1 Stunde) wurden 5 ~1 Sulfidliisung zu 
jeweils 1 ml FMA-Liisung (82,3 ng FMA/ml) zugegeben. Die Sulfidliisung hatte eine 

Ausgangskonzentration von 2 * lO-+m. 

Setzt man solche Liisungen dem indirekten Tageslicht aus, so betriigt die Sulfidionen- 
konzentration nach 8 h weniger als 10% der Ausgangskonzentration. 

SufidlGsungen eignen sich somit schlecht als StandardlGsungen. Daher wurde 
nach Substanzen gesucht, die mit FMA stiichiometrisch reagieren und die Fluores- 
zenzintensitgt von FMA-Lbsungen proportional zu ihrer Konzentration liischen, 
aber in verdiinnter Liisung bestandig sind. 

Von den untersuchten Liisungen folgender substituierter Schwefelverbindungen : 
Diphenylthiogther, Phenylbenzyl-thioiither, Thiophenol, Cystein, Thioharnstoff, 
Diphenylthioharnstoff, Dithiocarbaminate, Cyanodithioformiate, eignen sich als 
Standardsubstanzen Thioharnstoff und ganz besonders gut Diphenylthioharnstoff. 
Liisungen beider Thioharnstoffe verhalten sich iiber 10 Tage lang sowohl im Dun- 
keln als such im diffusen Tageslicht bestiindig. Als Standardsubstanz wurde Di- 
phenylthioharnstoff vorgezogen, da dieser praktisch augenblicklich mit FMA 
reagiert, wghrend Thioharnstoff erst nach etwa 30 min maximale Liischung zeigt. 
Die unterschiedlichen Reaktionszeiten fiihren zu verschiedenen relativen Stan- 
dardabweichungen, die sich fiir 5 ~1 einer 2 - 10-5m Thioharnstoffliisung pro ml 
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FMA-Losung zu 7,5x und bei einer analogen Diphenylthioharnstoffmenge zu 
4,8x ergab (Abb. 9). Die anderen Substanzen waren weniger bestandig und 
zeigten zum Teil sehr lange Reaktionszeiten. 

Das Bestimmungsverfahren wird durch Kationen gestort, die in alkalischer 
Losung schwerliisliche Sulfide bilden. Keine Stiirungen ergaben sich bei der Bestim- 
mung von 3,5 ng S2-/ml neben dem 1000 fachen UberschuB an F-, Cl-, Br-, SO*%, 

pl Dvhenylthlohornstofflosg, 

ABB. 9.-FluorcszenzlGschkurve von 0,ln natronalkalischer FMA-Lbsung (82,3 ng 
FMA/ml) durch Diphenylthioharnstofflosung (2 - 10-6m). 

POd3-. J- und NO,- zeigen bei einem 50 fachen fjberschufi noch keinen storenden 
EinfluD auf die Bestimmung. 

Die Methode eignet sich zur Bestimmung sehr kleiner Schwefelmengen besonders 
in organischen Substanzen nach einem hydrierenden AufschluB2, bei dem die stiirenden 
Kationen leicht abgetrennt werden kiinnen. 

Geriite 
Photojluorometer.* 

EXPERIMENTELLER TEIL 

10 mm-Quhrzkiivetten, allseitig optisch bearbeitet, mit Teflonstopfen verschlidbar. 
Ultramikrokolbenbitte, mit einer Standardabweichung kleiner als &to,01 ~1. Die Btlrettenspitze 

besteht aus einer miiglichst feinen Polyathylenkapillare, vgl.*.t 

Reagenzien 
Fluoreszein-mercuri-acetat-L&q, lo-‘rn, in 0,ln Natronlauge (FMA-Liisung). 

Stammliisung. Die FMA-Liisung hat eine Konzentration von 82,3 mg/l. (lo-‘m). Man stellt 
sie her, indem man 82,3 mg FMA zu einem Liter 0,l m-natronalkalischer Liisung auflost. Die 
LSsung ist in einem Quarzkolbcn, gut verschlossen, im Dunkeln mehrere Monate ohne Titerverlust 
aufzubewahren. 

Gebrauchsliisung. Die lo-‘rn Gebrauchsliisung wird hergestellt, indem man in einem Quarzmel3- 
kolben 1 ml der Stammlijsung zu 1 Liter 0,l m-natronalkalischer Lbsung verdtinnt. Diese Lbsung ist 
ebenso wie die Stammlosung in Quarzkolben oder in durch AusdSimpfen ktinstlich gealterten, 
braunen Flaschen tiber mehrere Monate titerkonstant, wenn die Kolben bzw. Flaschen vorher mit 
der Lijsung konditioniert wurden, vgl.s. 
. Darstellung des FMA. In einem Rundkolben (1 Liter) mit Rtihrer, Tropftrichter und RiickfluB- 

kiihler wurden in 200 ml Eisessig 14 g (0,044 Mol) Quecksilber(II)acetat gel&t. Bei 50°C wurde unter 
Rtihren langsam eine w&ssrige Liisung von 7,1 g (0,02 Mol) Natriumtluoresceinat zugetropft. Nach 
dem Zutropfen stellt man die Heizung ab und Wt unter Rtihren auf Zimmertemperatur abkilhlen. 
Schon nach kurzer Zeit kann man einen orangegefiirbten Niederschlag beobachten, der abfiltriert 

* z. B. “Aminco Bowman” der Firma American Instrument Comp., Inc., Silver Spring, Maryland, 
USA. 

t z. B. System Spinco der Firma Beckman Instruments, Mtlnchen, BRD. 
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wird. Der Niederschlag wird so lange mit bidestilliertem Wasser gewaschen, bis das abflieBende 
Waschwasser farblos ist. Das Produkt wurde im Vakuum getrocknet. Die Ausbeute betrug 11,5 g, 
was 68 % der Theorie entspricht. 

Sulfidstandardliisung 
DiphenyIthioharnstoflL&mg, 2 * 10-5m. 

Stammliisung. Die 2 * lo-*m Stammliisung stellt man her, indem man 45,6 mg Diphenylthio- 
harnstoff in 20 ml reinstem Methanol lost und in einem lOO-ml QuarzmefJkolben bis zur Marke mit 
bidestilliertem Wasser aufftillt. Gut verschlossen aufbewahrt, zeigt diese Losung iiber mehrere 
Wochen keine Konzentrationslnderung. 

Gebrauchsliisung. Die 2 . 10-6m Gebrauchslosung wird hergestellt, indem man in einem lOOO-ml 
QuarzmBkolben 10 ml der Stammliisung mit bidestilliertem Wasser zu 1000 ml Losung verdiinnt. 
Diese Losung blieb ohne besondere Schutzma@nahmen tiber 10 Tage titerkonstant. 

Anerkennung-Zur Bereitung wlfrigen Liisungen ist bidestelliertes Wasser (Destillations apparatur 
aus Quarz) zu verwenden. 

Durchfiihrung der Bestimmung 
Aufsteihmg der Eichkurve. In vier sorgfaltig gereinigten Kiivetten * werden jeweils genau 1,OO ml 

FMA-Losung mit Hilfe einer Kolbenbiirette vorgelegt. Die Ktivetten werden mit Tetlonstopfen 
verschlossen. Dann dosiert man in 3 Kiivetten gleiche Mengen der Diphenylthioharnstofflfliisung im 
Bereich von 1 bis 10 ~1 aus der Ultramikrokolbenbtirette. Die Ktivetten werden wieder verschlossen 
und 5 ma1 geschtittelt. Man miI3t die FluoreszenzintensitLt und wiederholt die Messung im Abstand 
von 5 Mlnuten. Die Verweilzeit der Ktivetten im MeBgerat mul3 mbglichst kurz und konstant sein. 
In der Zeit zwischen den Messungen mtissen die Ktivettzn im Dunkel; aufbewahrt werden. Aus den 
sich so ereebenden 6 MeBwerten wird der Mittelwert eebildet. Eventuelle Veranderuneen der 
Fluoresze&ntensitIt der FMA-Liisung bestimmt man m% der vierten Kiivette (Nullwertk?ivette), 
deren Intensitat vor und nach der MeBserie gemessen wird. Man stellt eine Eichkurve auf, indem 
man die prozentuale Fluoreszenzschwachung bzw. die Fluoreszenzintensitat selbst gegen die vorgelegte 
Schwefelmenge auftragt. 

Zur Bestimmung von Schwefel nach einem hydrierenden AufschluP iiberftihrt man den gebildeten 
Schwefelwasserstoff mit Hilfeeines “sauerstofffreien”TrSigergases unmittelbarindie Ktivette, inder er in 
der vorgelegten FMA-Liisung absorbiert wird. Uber Einzelheiten der Durchftihrung des Auf&hisses 
wirddemnachst berichtet. DieBestimmungerfolgtanalogderVorschriftzurAufstellungderEichkurve. 

1. 
2. 

:: 
5. 
6. 
7. 

: 
10: 
11. 
12. 
13. 
14. 

R&nne-Qn decrit le dosage du sulfure dans le domaine l-10 ng/ml 
base sur l’extinction de fluorescence de la fluorescein~acetate mer- 
curique en solution alcaline. On a utilise des solutions de diphenyl- 
thiouree comme standards d’etalomrage. L’ecart type est de 0,17 
@ml pour 3,5 ng de sulfure par ml. 

Surnrna~-The determination of sulphide in the range l-10 ng/ml 
based on the quenching of the fluorescence of fluorescein-mercuric 
acetate in alkaline solution is described. Solutions of diphenylthiourea 
were used as calibration standards. The standard deviation was 0.17 
ng/ml for 3.5 ng/ml of sulphide. 
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STUDIES ON IMIDAZOLE DERIVATIVES AS 
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INVESTIGATIONS OF THE APPLICABILITIES OF THE 
AZOIMIDAZOLES AS METALLOCHROMIC 

INDICATORS 

OSAMU YAMAUCHI@~, HISASHI TANAKA and ‘TOYOZO UNO 
Faculty of Pharmaceutical Sciences, Kyoto University, Sakyo-ku, Kyoto, Japan 

(Received 22 June 1967. Accepted 20 October 1967) 

Sunnnary-Applicabilities of several azoimidazoles as metahochromic 
indicators were investigated in the light of the general equations 
expressing the colour change of the visual chelatometric titrations. 
By using the stability constants of the nickel(E), copper(E), zinc(E) 
and cadmium(I1) chelates, the useful pH ranges, titration errors and 
sharpness of colour changes were predicted theoretically and the 
usefulness of these reagents as indicators was established experimentally. 
The Cu(II)-EDTA-indicator system was also examined experimentally. 
The OH-containing azoimidazoles could be applied to the direct 
titration of copper, nickel, zinc, cadmium, lead and bismuth and 
to the titration of calcium and cobalt in the presence of Cu(I& 
EDTA. Attempts were made to construct diagrams for the estimation 
of titration errors and sharpness of colour changes. 

FROM the practical point of view, visual end-point detection is of great importance in 
chelatometry. The stabilities of the metal chelates of the azoimidazoles reported in a 
previous paper1 suggested that these imidazoles can be successfully applied as metallo- 
chromic indicators in chelatometric titrations. In the present paper, the analytical 
applicabilities of the azoimidazoles were first estimated by means of the theoretical 
equations expressing the colour change near the end-point, because the titration 
conditions may have a decisive effect on the analytical results, and then their useful- 
ness as indicators was experimentally established and compared with that of l-(2- 
pyridylazo)-2naphthol(PAN) and Eriochrome Black T. The applicabilities of the 
copper(EDTA-indicator system were also examined experimentally. 

Construction of diagrams was attempted with a view to facilitating the estimation 
of the titration error and the sharpness of the colour change at the end-point. They 
would serve as a means of predicting the accuracy and the facility with which visual 
titration with an indicator forming a 1: 1 metal complex could be carried out. 

Derivation of equationsx 

Theoretical treatment of the colour change near the end-point of the titration has 
been reported by several authors. Fortuin et ~1.~ and Flaschka and KhalafallahS 
derived the fundamental equations expressing the colour change during a titration 
involving an indicator L which reacts with a metal M to form a complex ML. Reilley 

* Part IV: Taluntu, 1968, 15, 177. 
t Present address: Institute of Chemistry, College of General Education, Osaka University, 

Toyonaka, Osaka, Japan. 
z The charges of the ions are omitted for simplicity. 
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and S&mid4 later refined the equations by introducing “end-point indices” and made 
them more suitable for practical use. As the azoimidazoles usually form chelates 
with metal: l&and ratios other than 1: 1, it was necessary to use the equations applic- 
able to the indicators which are capable of forming metal complexes, MLN. Kotrljs 
and Tanaka and Nakagawa6 reported the general equations which take the stepwise 
formation of metal-indicator complexes into consideration, but they made some 
simplifications in deriving them. As the amount of indicator is not always negligible 
and it would sometimes be necessary to consider all the stepwise equilibria, another 
general expression of the ratio of titrant to metal was derived by extending the 
relationships described by Fortuin et al. and Flaschka and Khalafallah. The presence 
of a second metal ion was not considered in deriving the equations. 

The fundamental equations expressing the stoichiometric relationships in the 
solution being titrated may be written as follows 

CM = [Ml + [MYI + [ML1 + [ML1 + * * * + [ML,1 (1) 

CY = IV + [MYI (2) 

CL = IL1 + ML1 + W&21 + * * . + N[MLpd (3) 

where CM, Cy and C, are the total concentrations of metal, titrant and indicator 
respectively, and [Ml, [Y] and [L] are the concentrations of free metal ion, free 
titrant and free indicator respectively. [MY], [ML], [ML,], etc. are the concentrations 
of the metal-titrant and metal-indicator complexes respectively, with stability 
constants given by 

[MYI K - 
lfY = [M][Y] 

[ML1 [ML,1 
J&L = [MIILI ; Km, = - ; . . . 

[ML1 &I 

(4) 

(5) 

Combination of equations (1) to (5) gives 

C, = [Ll + &m[MllLl + WdGa,,M PI2 + - * * + N&a - * - K,,JMIILIN. 
(6) 

The ratio of titrant to metal, X, and that of free ligand to total ligand, y, are expressed 
as 

x= cy/c&f (7) 

Y = [LIIG. 03) 

It was assumed here that all the metal-indicator complexes contribute equally to the 
colour development. 

From equations (6) and (8), the equation for [M] at a given value ofy is obtained 

[M]= N ‘-’ (9) 

X1 nu”Ci!?B* 
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where B,, = KMLKMq2 * * * KML,. Combination of equations (l), (2), (4), (5), (7) and 
(8) gives the expression for x at a given value of Y 

x=1+ 
1 Ml 1 --_- - (I+ (1 + &dW ,&Wn) . 

Gm[W CM C&a 
(10) 

The function x =f(~) can be obtained by combining equations (9) and (10). 
As the auxiliary complexing agents and protons in the solution lead to side- 

reactions and affect the stabilities of the complexes MY, ML, ML,, etc., equations 
(9) and (10) should be rewritten as (11) and (12), respectively, by introducing the 
side-reaction coefficients dcuy, am,, dlMy and y. 

[Ml’ = N (l - yjy 
1 nynCt-l&/aHLn 

(11) 

n=l 

x=1+ aHyY WI 1 - _ - 
a&&Iv WI’ CM ~MYG&MY 

X 
i 
aHYY -t (%y -k a~yK,y[Ml’/~~fl~I y”G’%/~~L”) (12) 

The side-reaction coefficients can be calculated by the following equations from the 
pH of the solution, the acid dissociation constants of the titrant, k,-kt, and indicator, 
k:-k{, the stability constants of the hydrogen complex, KMHy, and the hydroxo 

complex, KM(OH)Y, and the stability constants of the metal complexes of auxiliary 
complexing agents, KA1-K,,. 

aHY = 1 + F + El + - * - + ktkt!pl’ 
. . . 

k  

1 

aHL = 1 +[Hl+ [Hlz+ m s a + WI’ 

ki’ ki’k;_, ki’k;_, . . . k,’ 

aMy = 1+ WIKMHY + [OHIKM~HIY 

y = 1 + [Al& + ]A12Ka,Kaz + * - - + [AlmK,, . * * &,, 
where [A] is the concentration of free auxiliary complexing agent. 

The sharpness of the colour change at the end-point may be predicted from the 
dy/dx values.2*4s6 For the case where n = 2, dy/dx is derived from equations (11) 
and (12) as 

(13) 

The terms axlay, ax/a[M]’ and d[M]‘/dy are given by the following equations 

ax 
-=- CLKML'U + K,,‘[Ml’)(l + ~YCLKML~) 

aY G&Y’ 
(14) 

ax 1 -=- 
afl’ KMY’[MI’~ 

- $1 + YCLGL'(~ +yCL&Le)) (15) 

d WI’ 
-=- 1 + ~YCLGL,P -y) 

dY u2&n’(l + ~YCLK&L,)~ 
(16) 
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where KMy’, KML’ and K& a are the conditional constants defined as : 

K My’ = CQWYKMYIQYY ; Km’ = KML~~HLY; K&L, = KML~/QL. 

If the stability constants, the acid dissociation constants and the pH of the 
solution are known, the course of the colour change during the titration can be 
estimated for a given set of CM and CL by plotting y against x. 

Calculation 
EXPERIMENTAL 

In order to achieve precise and rapid calculations of a number of values, the KDC-II(I-Iitachi 
H ITAC 5020) digital computer of Kyoto University Computation Center was used. The flow diagram 

FIG. 1 .-Flow diagram for computer programme. 

of the programme written in HARP 5020 (FORTRAN IV) is shown in Fig. 1. The side-reaction 
coefficient, 7, was calculated by assuming the presence of O*lM acetate (pH <8) and 0-W ammonia 
(pH 28). The x values were calculated from equations (11) and (12) and compared with the values 
calculated according to Reilley and SchmidP and Tanaka and Nakagawa.B The stability constants of 
the metal complexes which appeared in the calculations were obtained from the preceding paper’ 
and the monograph of Ringborn.’ 

Reagents 

Indicators. The following four azoimidazole9 were used as O-1 % solutions in ethanol: l-[4- 
methyl-5-imidazolylazo]-2naphthol(IAN); 2-[4-methy1-5-imidazolylazo]-4-methoxyphenol(IAM); 
3-dimethylamino-6-[4-methyl-5-imidazo1ylazo]pheno1~IP); (4-methyl-5-imidazolylazo)-4dimethyl- 
aminobenzene(DAI). 

Standard metal ion solutions, O~OlM. Prepared and standardized as described in the preceding 
paper.’ 

EDTA solution, O.OlM. Standardized against standard zinc with Eriochrome Black T as indicator. 
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Copper@)-EDTA solution, 0*005&f. Prepared by mixing equal volumes of 001M copper(I1) 
nitrate and O-OlM EDTA. 

All the reagents used were of reagent grade. Demineralized water was used throughout. 

Apparatus 

Sbimadzu photometric titration apparatus attached to a Shimadzu Model QR-50 spectrophotom- 
eter. Radiometer Titrator TTTl. 

Procedures 

Direct titrations. To 2-5 ml of a metal ion solution were added 15 ml of a buffer solution (O*lM) 
and 2 drops of an indicator, and the resulting solution was titrated with O*OlMEDTA until the colour 
of the solution became yellow. If the metal-indicator complex precipitated, 10 ml of ethanol were 
added and the solution was warmed. Precipitation of metal hydroxides was avoided by adding 1 ml 
of IM potassium sodium tartrate. 

Titrations in thepresence ofcopper(EDTA. To 2-5 ml of a metal ion solution were added 15 ml 
of a buffer solution, 5 drops of 0035&f copper(H)-EDTA and 2 drops of an indicator. Ethanol and 
1M potassium sodium tartrate were added when necessary. The solution was titrated with OOlM 
EDTA. The colour change at the end point was from red to yellow. 

Photometric titrations. Photometric titrations were carried out in 50% v/v dioxan-water in order 
to keep the same conditions as were employed in the determination of the stability constants of the 
metal-indicator chelates. Five ml of a metal ion solution, 12.5 ml of a buffer solution, 20 ml of 
dioxan and O-5 ml of 10-aM solution of IAN in ethanol were mixed in a titration vessel and titrated 
with 0.OlM EDTA. The absorbance was measured at the wavelength of maximum absorption of the 
metal-IAN chelate. 

RESULTS AND DISCUSSION 

By using equations (11) and (12), --log [Ml’ and x were calculated by varying y 
from O-1 to 1-O at various pH values on the assumption that O*lM acetate and O.lM 

IO 

equivalence 
paint 

visuben&C Y 05 

Cd 

:7T 

CU 

0 
3.90 400 620 

O.OlM EDTA (ml) 

FIG. 2.-Photometric titration curves for copper(H) and cadmium(H) in 50% v/v 
dioxan-water with IAN as an indicator. 

Copper(H)-pH = 6.0; L = 532 rnp 
Cadmium(II)-pH = 9%; E. = 510 rnp 

ammonia were present as buffers in the acid and the alkaline region, respectively, and 
acting as auxiliary complexing agents. When C,/Cn was sufficiently large, x values 
calculated by equations (11) and (12) coincided approximately with those calculated 
according to Tanaka and Nakagawa.6 When KML’ was sufficiently large, x values 
could also be calculated by neglecting the constants for the higher complexes, e.g., 
Kb, and Kh,. 

In order to determine the value of y at the visual end-point, the absorbance of a 

solution being titrated was measured when the visual end-point was attained and the 
degree of colour change at this point was estimated by comparison with a photometric 
titration carried out under the same conditions. The photometric titration curves of 
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copper(I1) and cadmium(I1) with IAN as an indicator are shown in Fig. 2. Usually 
the visual end-point was found to correspond to y = 0.75-0.85, and as far as the 
azoimidazole IAN was concerned, it was difficult to distinguish the colour at y = 0.75 
from that at y = 0.85. It may be assumed therefore that in the visual titrations the 
colour change seems to be complete to the eye when y = 0.8 and that, as has been 
reported by several authors, Z*J~ dy/dx at y = 0.8 gives a measure of the sharpness of 
the colour change. 

The predicted colour changes during the titrations of nickel(II), copper( 

IO 

NicktW CopperW 

ZincUl) Cadmium(ll) 

IO 
40 

45 100 

Y 05. TF 

60 
60 

0 
93 

OS6 099 100 101 
X 

0.98 099 100 1.01 
x 

FIG. 3.-Colour change curves. 
Indicator: IAN; CM = O.O025M, CL = OMOO25M. The numbers on the curves 

show the pH values of the solution. 

zinc(H) and cadmium(I1) with IAN as indicator and EDTA as titrant are illustrated 
in Fig. 3. It is possible to predict the sharpness of the colour change and the optimum 
pH ranges from the curves. The titration errors and the sharpness of the colour 
change at y = O-8 predicted for the azoimidazoles, Eriochrome Black T (EBT) and 
PAN are summarized in Table I. The sharpness was calculated according to equation 
(13). Examples of the plots of the sharpness against pH and y are shown in Figs. 4 
and 5, respectively. 

It is expected from the calculations that the o-hydroxyphenylazoimidazoles IAN, 
IAM and DIP make it possible to determine nickel(II), copper( zinc(H) and 
cadmium(I1) in the pH ranges 3.5-10, 3-10, 4.5-10 and 4.5-10, respectively, to 
within & lx, and that the phenylazoimidazole DA1 can be applied to the titration of 
copper(I1) in the pH range 3.5-8.0. On the other hand, the pH ranges predicted for 
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EBT, 9-10 for magnesium(I1) and 6-10 for zinc(II), correspond well with the pH 
ranges already established experimentally. The colour change of zinc(II)-EBT is 
estimated to be very sharp, since log dy/dx N 1.9 at pH 10 (log KXY’ = 11.6; log 
&L = 6%; log K&r,, = 5.5). The use of PAN for copper(I1) in the acid region 
is believed to give rise to serious positive errors and, as pointed out by Wada and 

3 4 5 6 7 6 9 IO 

PH 

FIG. 4.-Plot of sharpness against pH. 
Indicator: IAN; CM = OGO25M; CL = 0~000025M. 

FEG. S-Plot of sharpness against y. 
Indicator: IAN; metal: nickel@); Cx = 00025M; CL = O+WOO2SM. Tbe numbers 

on the curves show the pH values of the solution. 

Nakagawa,B this may be one of the explanations for the slow colour change observed 
experimentally. These errors are due to the high stability of the copper(PAN 
chelate (log Km .- 16)ls but they will be smaller if 1,2~yclohexanedia~netetra- 
acetic acid (log KM, = 21-3) is used in place of EDTA. 

If the change of the absorbance is followed with an instrument as in the case of the 
photometric titration, it will be possible to detect the end-point correctly from these 
calculations. 

application to c~e~ato~etr~ 

Direct titrations. The compounds IAN, IAM and DIP were applied to the direct 
titrations of nickel(II), copper( zinc(II), cadmium(H), lead(I1) and bismuth(II1). 
The results, along with the comments on the colour change, are summarized in 
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Table II. In most cases a colour change from red or reddish violet to yellow was 
observed. Addition of ethanol and heating were often necessary in order to obtain 
sharp colour changes in neutral and alkaline solutions. Copper(I1) and nickel(I1) 
were successfully titrated in the pH range 3-10, whereas zinc(II), cadmium(I1) and 
lead(I1) could be titrated easily in alkaline solution. Titration of bismuth(II1) was 
possible in strongly acid solution. 

TABLE III.-APPLICATIONS TO CU(II~EDTA-INDICATOR SYSTEMS 

Taken, Found, 
Indicator Metal ion Medium pH mg w Comments on colour change 

IAN Co(I1) 

Ni(I1) 

Cd0 

Ca(II) 

JAM Co(H) 
Ni(I1) 
Cd(I1) 

DIP 

CaOI) 

Co(U) 
Ni(I1) 

Cd(H) 

Ca(I1) 

EtOH-H20* 
EtOH-H,O * 
EtOH-HzO* 

Hz0 
EtOH-Hz0 
EtOH-H,O 
EtOH-Hz0 

Hz0 
EtOH-H20 

H,O 
H,O 
Hz0 

EtOH-H,O 
EtOH-H,O 
EtOH-H,O 
EtOH-H20 
EtOH-H,O 

Hz0 

EtOH-He0 

Hz0 
EtOH-Ha0 
EtOH-H,O 
EtOH-Ha0 
EtOH-Ha0 

H,O 

3.7 1.17 
62 1.17 

10.0 1.17 

;:; 
1.25 
250 

8.8 1.25 
9.8 1.25 
5.6 3.35 

10.0 3.35 

;:; 
0.81 
0.81 

10.1 0.81 

3.7 0.59 
3.7 0.62 
4.5 3.35 
5.6 3.35 

10.0 3.35 
10.0 0.41 

3.7 0.59 
3.7 0.62 

10.0 0.62 
4.5 3.35 
5.6 3.35 

10.0 3.35 
10.0 0.41 

1.18 
1.17 
1.16 
1.26 
2.50 
1.26 
1.26 
3.35 
3.35 
0.81 
0.82 
0.80 

0.58 
0.61 
3.29 
3.35 
3.33 
0.42 

0.58 
0.63 
0.61 
3.33 
3.32 
3.34 
0.41 

CkZU 

not clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 
clear 

clear 
clear 
not clear 
clear 
clear 
clear 

not clear 
clear 
clear 
not clear 
clear 
clear 

* Aqueous ethanol. 

The compound DA1 was successfully applied to the titration of copper(I1) in the 
pH range 3-8 but not to titrations of the other metals, owing to the weak colour 
reactions. With copper(H), the colour change in neutral solution was sharp, and 
heating or addition of ethanol was not necessary. In acid solution the colour change 
was not clear because of the increased absorption of the indicator in the visible region. 
As predicted theoretically, the titration was impossible in the presence of ammonia at 
a pH above 8 as a result of the weak stability of the copper(H)-DA1 chelate. The 
colour change observed for DA1 was reddish brown to yellow or orange-yellow, and 
this resembles that observed for DIP. 

The compound IAM showed the clearest end-point, probably because the chelates 
of IAM are less stable than the chelates of IAN and DIP and the colour change from 
reddish violet to yellow seems to be more distinguishable than that from red or 
reddish brown to yellow, but its optimum pH ranges were found to be narrower than 
those of IAN. 
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Titrations in thepresence of the copper(U)-EDTA chelate. Flaschka and Abdinell 
extended the applicability of PAN as an indicator by using it in the presence of 
copper(EDTA. It was found that by a similar procedure the azoimidazoles IAN, 
IAM and DIP could be applied to the titrations of such metals as do not show remark- 
able colour reactions with them, because, as reported in the preceding paper,l they 
form highly coloured, stable copper chelates (log K,, = 13.3-145). Thus,calcium(II) 
was titrated successfully in the pH range 8-10 and the titration of cadmium(I1) was 
possible at pH values as low as 5.6. Although it was impossible to titrate cobalt(I1) 
without addition of copper(EDTA,it could be titrated by this method with a sharp 
colour change. The results are summarized in Table III. 

The compound DAI, which forms only a weak copper chelate (log KaaL, = 5.0 
and log &,, = 6*4), was not usable for this titration procedure. 

Diagrams for prediction of titration error and sharpness of colour change 

Although detailed estimations of the colour change may be made by calculating x 
from equations (11) and (12)) it would be more convenient if the colour change could 
be estimated from a diagram without lengthy calculations. Ringbom12 constructed a 
convenient diagram, from which the error dependent on the precision of end point- 
detection can be obtained. The titration error is expressed as the difference between x 
at the end-point and the equivalence point. Attempts were therefore made to construct 
diagrams for prediction of titration errors and sharpness of colour changes for 
indicators forming only ML complexes. 

By using the conditional constants, KMY’ and &,‘, the error E and the sharpness 
dy/dx can be expressed as follows.2-4 

l-y 1 Ezy~(;y_+&-__- S(l -y) (17) 
MY M M MY’ y CM&L CM 

dy 1 7: 
dx II . (18) 

According to equation (17), the E values corresponding to various sets of log KML’ 
and log KMy’ were calculated for CE4 = 10-2-10-3M. The plot of E against log KM,’ 
with log KMy’ as a parameter for C M = 0.002M and CL = 0.000025M is shown in 
Fig. 6. The dy/dx values were analogously calculated from equation (18) by varying 
log KMy’ and log KML’. The plot of dy/dx against log Km’ with log KMy’ as a 
parameter for the same set of CM and C, is shown in Fig. 7. 

From these diagrams the titration error and the sharpness of the colour change of 
an indicator may be estimated, if log KMy’ and log KML’ are known. In general, 
the colour change is expected to be very sharp when log dy/dx > 2, whereas it would 
be slow when log dy/dx < l-5. For example, log KML’ of copper(IAN is 5.8 and 
log KMy’ of copper(EDTA is 10-l at pH 4.0 (O.lM acetate buffer); hence, E and 
log dy/dx are found from Figs. 6 and 7 to be -0.2% and 1.9, respectively. 

Comparison of the predicted colour changes with the experimental results 

Although the limits of the useful pH ranges of the azoimidazoles were not strictly 
investigated, the experimental findings about their use were usually explained by the 
theoretical calculations. For example, the slow colour change after the end-point 
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observed for the nickel(H)-IAN system at pH > 9 could be predicted by the values 
E > 1% and log dy/dx < 1. The compound DA1 could not be used for copper(I1) 
at pH > 8 in the presence of ammonia, and this fact corresponds well with the E and 
log dyjdx values calculated theore~cally. 

! 

4 6 6 IO I2 I4 IS 

log %I. 

Erc;. 6.-Error( %) at y = 0.8 plotted against log A& with log f&y’ as a parameter. 
c, = o-OOZM, c, = 0.~25~. 

0 
2 4 6 6 IO 12 14 I6 

log K;, 

FIG. 7.-Sharpness at y = 0.8 plotted against log I&’ with log KMY' as a parameter. 
car = 0402M, CL = 0c0oo25M. 

However, the pH ranges for the zinc(H)-IAN, cadmium(II)-IAN and cad- 
mium(II)-DIP systems were found to be narrower than those calculated theoretically; 
in acid or neutral solution the colour developments were weak and the colour changes 
were not clear. Many factors are considered to affect the colour change at the end- 
point, but, in the present cases, one of the reasons for the difference between the 
predicted pH ranges and the experimental ones may be that the stabilities of the 
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metal-indicator chelates in the solution being titrated are not properly expressed by 
the stability constants determined in 50 % v/v dioxan-water at constant ionic strength 

(O*lM potassium nitrate). 
CONCLUSION 

The experimental results for the pH ranges and the sharpness of the colour 
changes are approximately consistent with those predicted theoretically. It is apparent 

from the results that the azoimidazoles are useful indicators for a variety of metal 
ions. The observed sharp colour changes at the end-point can be explained in terms 
of the stabilities of the metal-indicator complexes. If the complexes are too stable or 

too labile as compared with the EDTA chelates, the colour changes will not be sharp. 
The investigations of Reilley and Schmid4 and the present calculations indicate that 
log KMY’/KML’ = 4 is a favourable condition for a sharp colour change for an 
indicator forming a 1: 1 complex, and this is the case with the copper chelates of IAN, 
IAM and DIP. 

However, it must be mentioned that the theoretical treatment does not take into 
account such factors as the reaction rates and that the constants used in the cal- 
culations may be affected by the conditions of titrations. Nevertheless, the cal- 
culations will be of value in studying the usefulness of a compound as a metallochromic 
indicator. 

Acknowledgement-The authors are grateful to the members of Kyoto University 
Center for computations. 

Zusammenfassung-Die Anwendbarkeit von mehreren Azoimidazolen 
als Metallfarbindikatoren wurden im Lichte der allpemeinen. die 
Farbanderungen bei visuellen chelatometrischen T&ationen ’ aus- 
drtikenden Gleichungen untersucht. Mit Hilfe der Stabilitiitskon- 
stanten der Chelate mit Nickel(II), Kupfer(II), Zink(I1) und Cadmi- 
um(I1) wurden die richtigen pH-Bereiche, Titrationsfehler und die 
Schlrfe der Farbgnderungen theoretisch vorhergesagt und der Nutzen 
dieser Reagentien als Indikatoren experimentell best&&t. Auch das 
System Kupfer(II)-EDTA-Indikator wurde experimentell untersucht. 
Mit den OH enthaltenden Azoimidazolen konnten Kupfer, Nickel, 
Zink, Cadmium, Blei und Wismut direkt titriert werden, Calcium und 
Kobalt in Gegenwart von Cu(II)-EDTA. Es wurde versucht zur 
Ermitthmg der Titrationsfehler und der Schgrfe der Farbumschllge 
graph&he Darstellungen zu konstruieren. 

R&mm&On a &die les possibilit6s d’application de plusieurs 
azoimidazoles comme indicateurs m&allochromes ;1 la lumihre des 
Equations g&&ales exprimant le changement de coloration dans les 
titrages ch6latom&riques visuels. En utilisant les constantes de 
stabilitd des chtlates de nickel(H), cuivre(II), zinc(I1) et cadmium(H), 
les domaines de pH utiles, les erreurs de titrage et la nettett des 
changements de coloration ont 6t6 pr&dits thkoriquement et l’utilit.4 de 
ces r&&ifs comme indicateurs a et& 6tablie exptrimentalement. On 
a aussi examink expCrimentalement le systkme Cu(II)-EDTA-in- 
dicateur. Les azoimidazoles contenant OH ont pu &tre appliquts aux 
titrages directs des cuivre, nickel, zinc, cadmium, plomb et bismuth et 
aux titrages du calcium et du cobalt en prksence de Cu(II)-EDTA. 
Des tentatives ont et6 faites pour construire des diagrammes pour 
l’estimation des erreurs de titrage et de la nettete des changements de 
coloration. 
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SHORT COMMUNICATIONS 

New chromogens of the ferroin-type-I. Substituted triazines related to 

6-cyano-2,2’-bipyridine 

(Received 23 October 1967. Accepted 11 December 1967) 

CHROMOGENS of the ferroin type are distinguished structurally by the presence of the bidentate chelate 

I I 
functional group -N==C-C==N-, commonly referred to as the ferroin reacting group or the 
methine chromophore. The first and best known examples are 1, lo-phenanthroline and 2,2’-bipyridine. 
The ability of these compounds to form intensely coloured iron(I1) and copper(I) chelates has 
prompted extensive investigation, particularly with respect to finding improved calorimetric reagents 
for iron and c0pper.l Many such compounds have been synthesizeda and studied.8 Some of the more 
outstanding iron chromogens found to date are 4,7-diphenyl-1 ,lO-phenanthroline (bathophenanthro- 
line),4*s 2,4,6-tripyridyl-1,3,5-triazine (TPTZ),BsT and 5,6-diphenyl-3-(4-phenyl-2-pyridyl)-1,2,4- 
triazine (PPDT).8,s For copper, the most sensitive specific chromogenic reagent found to date is 
2,9-dimethyl-4,7-diphenyl-l,lO-phenanthroline (bathocuproine).lo.ll 

The search for superior chromogenic reagents of the ferroin type continues. Professor F. H. Case 
of Temple University recently reported the synthesis of a variety of substituted triazines related to 
6-cyano-2,2’-bipyridine.‘a Spectrophotometric data for the iron(H), copper(I), and cobalt(H) 
chelates of these are reported here. The new chromogens are identified below by name and structure. 

2,4,6-Tris(2,2’,6-bipyridyl)-1,3,5-triazine (I) 

2,4-Diamino-6-(2,2’,6-bipyridyl)-1,3,5-triazinc (II) 

NH, 

2-Amino-4,6-tris(2,2’,6-bipyridyl)-1,3,5-triazine (III) 

~=NH)NHNH. 

2,2’-Bipyridine&carbohydrazide imide (IV) 

475 
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3-(2,2’,6-Bipyridyl>5,6-diphenyl-1,2,4-t (V) 

3-(2,2’,6-Bipyridyl)-5,6-bis(2-pyridyl)-l.2,4-triazine (VI) 

3-(2,2’,6-Bipy~dyl)-1,2,4-t~~no[5,6-fl[4,71-phen~throline (VII) 

Reagents 
EXPERIMENTAL 

Samples of the seven new chromogens investigated were provided by Dr. Francis H. Case of 
Temple University. Analytical and preparative details have been reported elsewhere.“’ 

Standard solutions of metal ions were prepared by weight so that weighed samples could be used. 
The standard iron solution contained O-1220 mg of iron per g and was prepared from pure iron wire 
and a slight excess of hydrochloric acid. Standard copper sulphate solution containing 0*1605 mg of 
copper per g was prepared by dissolving the pure metal in nitric acid, fuming with sulphuric acid, 
cooling, and adding water to give a known concentration. The standard cobalt solution, prepared 
from pure CoCl,*6H,O, contained 0.2976 mg of cobalt per g. 

Buffers of pH from 0 to 2 were 1M potassium chloride solutions with sufficient hydrochloric acid 
added to give the required PH. Buffers of pH from 3 to 6 were prepared from acetic acid and sodium 
acetate with a total acetate concentration approximately 1M. Buffers of pH from 6.7 to 7.3 were 1 M 
ammonium acetate solutions adjusted to the required PH. Buffers of pH from 8 to 10 were prepared 
from arnrno~~ chloride and ammonia solution with a total con~tration of ammo~um species 
approximately 1 M. Ammonia solutions were used as buffers of pH from 10 to 11.4. For pH 12 and 
higher, sodium hydroxide solutions were used. 

A 10% solution of iron-free hydroxylamine hydrochloride was prepared by the procedure of 
Smith, McCurdy, and Diehl.& 

Solutions (@OOSM) of the chromogens were prepared by dissolving weighed amounts in ethanol- 
water mixtures (1 + 1). In most cases a drop or more of concentrated hydrochloric acid was added 
to dissolve the reagent. Chromogen V was dissolved in ethanol without acid, and VII was dissolved 
in dilute hy~oc~oric acid without ethanol. 

.Cotnplex formation and extraction studies 
To each of a series of test-tubes, containing 5 drops of standard metal solution, 2 drops of 

hydroxylamine hydrochloride solution, and 10 drops of a different buffer (to cover the pH range O-12), 
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were added 5 drops of the complex@ agent solution. The pH range over which complexation 
occurred, as indicated by colour formation, was noted, and so was the pH range for which colour 
formation was maximal. If precipitation occurred, ethanol was added to dissolve the precipitate 
before evaluation of the colour. The extractability of the complex with isoamyl alcohol was determined 
for those solutions to which ethanol was not added. 

Absorption characteristics 

Solutions of the various complexes were prepared forspectrophotometricexaminationasfollows: a 
weighed quantity of standard metal ion solution was delivered into a lO-ml volumetric flask from 
a weight burette; 1 ml of iron-free hydroxylamine hydrochloride solution, 2 ml of the chromogen 
solution, and 2 ml of an appropriate buffer were added in that order; the contents of the flasks were 
diluted to volume with ethanol (water in the case of Chromogen VII). 

Absorption spectra in the visible region were recorded with a Cary Model 14 spectrophotometer. 
All solutions, including blanks, were measured us. water. 

RESULTS 

None of the new compounds tested proved to be superior to existing ferroin type chromogens, 
either with respect to sensitivy or selectivity. Nevertheless, the results merit reporting for general 
interest and to preclude repetition by others. 

Most of the results are summarized in Table I. The wavelengths given are for maximum absorbance 
unless otherwise specified. Molar absorptivity values (e) correspond to the wavelengths cited. 
Extractability into isoamyl alcohol is generally nil, with only a few exceptions. In several instances 
the colours of the chelates faded noticeably during the spectral measurements. Colour stability is 
poor for the iron(H) chelates of chromogens I and VI and for the cobalt(I1) chelate of chromogen VII. 

The new chromogens form only pale yellow or orange complexes with nickel(I1). Chromogen VII 
is the most sensitive of the seven for nickel; in aqueous solutions of pH 2-7, its nickel(I1) complex 
exhibits an absorption band (shoulder) at 430 rnp, with a molar absorptivity of 300. 

The identities of the iron chelates were examined by the mole-ratio method. 
V, VI and VII form very stable chelates with iron(H) in aqueous ethanol solutions. 

Chromogens IV, 
Mole-ratio plots 

for these show essentially no curvature, but sharp intersections corresponding to a ligand to metal 
ion combining ratio of 2 : 1. Chromogens I, II and III apparently form both 1: 1 and 2 : 1 ligand : metal 

TABLE I.-PROPERTIES OF THE METAL CHELATES 

Metal 
ion Chromogen 

Chelate 
colour 

pH Range for 1, 
max. colour Extractability rnp & 

Fez+ I 

I:: 
IV 

G 
VII 

cu+ I 
II 

III 
IV 
V 

VI 

Co’f I 
II 

III 
IV 
V 

VI 
VII 

violet 
violet 
violet 

red 
blue 
blue 

. blue 

7-10 
4-9 
4-5 
4-8 
3-7 
3-6 
3-10 

pale orange 
orange 
orange 

pale orange 
orange-brown 
orange-brown 

purple 

9-l 1 
8-10 
7-l 1 
4-7 
7-9 
7-l 1 
5-8 

pale yellow 9-l 1 
pale yellow 11-14 
pale yellow 8-l 1 

gold 11-14 
orange-brown l-11 

gold 8-l 1 
orange 9-l 1 

nil 
nil 

partial 
nil 

partial 
partial 

nil 

nil 
nil 
nil 

556 6400 
557 9100 
540 1500 
550 8700 
590 12500 
601 11900 
660 12000 

t t 
427 2500 
448 2700 

nil t t 
quantitative 470+ 2900* 

nil 450 3400 
nil 

nil 
nil 
nil 
nil 

quantitative 
nil 
nil 

540* 2400. 

t t 
440* 100* 
425* 300* 
510* 300* 
544 2600 
555 2700 
579 3100 

+ Shoulder. 
t Absorption characteristic not appreciably different from that of chromogen. 
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iron(B) species, of only moderate stability. Their mole-ratio plots are j-shaped with considerable 
curvature in the vicinity of both 1: 1 and 2 : 1 l&and to iron ratios. 

The iron(I1) chelates of chromogens I and III are less stable and exhibit much lower molar 
absorptivities than the others. Presumably steric factors are responsible. Molecular models indicate 
that only three nitrogen donor atoms in these multi-pyridine type ligands can coordinate equatorially 
to octahedral iron(B) without severe strain. Moreover, the fourth and fifth uncoordinated pyridine 
rings can clash with a second multidentate l&and, causing them to twist out of coplanarity with the 
coordinated portion, so that the transition moment and molar absorptivity are less than expected. 
Stability should also suffer. 
iron(I1) chelates of 2,2’,2’, 

Similar results and interpretations have been reported for the analogous 
2”‘-quaterpyridine .I8 Regardless of cause, the results clearly indicate that 

no beneficial purpose is served in designing new ferroin chromogens by extending the ferroin grouping 
beyond that of a tridentate functionality. 

Acknowledgement-This investigation was supported by a grant from the G. Frederick Smith Chemical 
Company, and the compounds were provided by Dr. Francis H. Case. 

Department of Chemistry ALFRED A. SCHILT 
Northern Illinois University KEITH R. KLUGE 
DeKalb, Illinois 60115, U.S.A. 

Summa~-A spectrophotometric study has been made of the iron(B), 
cobalt(B). nickel(B) and canner(1) chelates of seven new comnounds 
that contain the ferroin func~iorral grouping. None of the new com- 
pounds proved to be superior to chromogenic reagents currently in use, 
but the results are of interest in designing new chromogens. 

Zusammenfasstmg-Die Chelate sieber neuer, die funktionelle Gruppe 
des Ferroins enthaltender Verbindungen mit Eisen(II), Kobalt(II), 
Nickel(I1) und Kupfer(1) wurden spektrophotometrisch untersucht. 
Keine der neuen Verbindungen erwies sich den zur Zeit gebrluchlichen 
farbbildenden Reagentien tiberlegen, doch sind die Ergebnisse von 
Interesse fti die Entwickhmg neuer Farbbildner. 

Resum&On a effectue une etude spectrophotometrique des chelates de 
fer(II), cobalt(II), nickel(H) et cuivre(I) avec sept nouveaux composes 
contenant le groupe fonctionnel ferrome. Aucun de ces nouveaux 
composes ne s’est r&616 Qtre superieur aux reactifs chromogenes 
couramment utilises, mais les resultats sont interessants pour la 
conception de nouveaux chromogenes. 
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Improwzment of iron determination by use of ferroin-organic dye 
ion-a~ociation complexes 

(Received 30 March 1967. Revised 24 November 1967. Accepted 7 December 1967) 

Sonnn~-Extraction of ion-associates of tris(l,lO-phenanthroline)- 
iron(H) cation with monosulphonated azo dye anion into 1,2- 
dichloroethane is described. The method increases the sensitivity of 
the calorimetric determ~ation of bivalent iron with l,lO-phen~t~o- 
line. 

THE reaction of iron(I1) with l,lO-phenanthroline to form ferroin [Fe(phen)sa+], discovered by 
Blau,’ has found wide application .*--p The complex shows maximum absorption at 508 m,u, with 
molar absorptivity6 11.1 x 10s. A shortcoming of this reaction is the insolubility of the complex 
cation in organic solvents, but some of its ion-association complexes [Fe(phen),]X, where X is a 
univalent anion, are extractable by suitable organic solvents and may be used for extractive photo- 
metric deter~nation of iron or of the associated anions. 

So far, investigation has been confined to the ion-association complexes with colourless inorganic 
anions, such as ClO,-, I-, SCN-, CN-, BF,-, and with some organic anions such as pentachloro- 
phenolate, trichloroacetate and dioctylsulphosuccinate. 

During a study of the extraction of ferroin perchlorate it was verified that the extraction yield 
is influenced by the anion concentration and by the dielectric constant of the solvent used. On the 
basis of these facts and the work of West and co-workers,‘-* on the ternary complexes of 
[Ag(phen)*~~ and I~(phen)*l** with Bromop~ogallol Red and Rose Bengal Extra, we concluded 
that it might be possible to use organic dyes with ferroin to improve the sensitivity of iron deter- 
mination.10 

Attention was directed to dyes soluble and ionizable in water, as the anionic form of the dye is 
necessary for formation of the ion-association complex, and the sulphonated azo dyes seemed the 
most suitable. Orange or red dyes were considered first because it was assumed that the sensitivity 
would be increased most if the absorption maximum of the dye was close to that of ferroin. 

EXPERIMENTAL 

Procedure 

Ina 
“g, amine hy 

aratory funnel 5 ml of 5 X lo-& M iron(I1) ammonium sulphate, 0.1 ml of 10% hydroxyl- 
ochloride solution, 5 ml of 5 X IO-” M 1,10_phenanthroline and 5 ml of 10% sodium 

acetate solution were mixed with 2.5 ml of 1 x lo-* M solution of organic dye and diluted with water 
to 25 ml. This solution was extracted three times with 8-ml portions of 1,2-dichloroethane. The 
combined extracts were diluted to 25 ml and centrifuged, and then the absorption spectrum was 
measured with 1,2-dic~or~~~e as reference. A blank was run on solutions which contained all 
the components except iron, to allow for extraction of dye itself. 

In Fig. 1 the absorption spectra of 1 ,ZdichIoroethane extracts of Orange III (C.I. 13025), Orange 
II (C.I. 15510), Acid Red 88 (C.I. 156201, Acid Orange 8 (C.I. 15575), Acid Orange 19 (C.I. 14690)” 
are shown, corrected for the blank, which in most cases did not exceed 10% of the absorbance of the 
ion-association complexes. 
is also shown. 

For comparison the absorption spectrum of an aqueous ferroin solution 

DISCUSSION 

From the absorption spectra it can be seen that the organic dye anions form extractable ferroin 
complexes which increase the sensitivity for iron determination. It is of interest that only mono- 
sulphonated dyes are suitable. In the case of dyes with more sulphonic acid groups, such as Direct 
Red 2 (C.I. 23500), Trypan Red (C.I. 22850), Acid Orange 10 (C.I. 16230), Acid Violet 7 (C.I. 
18055),11 extraction under the conditions described was not observed. 

From Fig. 1 it is evident that the sensitivity is increased most by the use of Orange III. The 
associated dyestuff enhances the absorbance of the ferroin but the resulting absorption spectrum 
cannot be derived by simple addition of the ferroin and dyestuff curves. Comparisons between the 
absorption maxima of aqueous solutions of the dyestuffs and of 1,2-dichloroethane solutions of the 
ferroin complexes of these dyes are given in Table I. 

These ferroin-dyestuff complexes can be used only in weakly acidic or weakly alkaline solutions. 
In strongly acidic medium 1 JO-phenanthroline is protonated and forms an ion-association complex 
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FIG. I.-Absorption spectra of 1,2-dichloroethane solutions of ferroin ion-association 
complexes with anions of monosulphonated aw dyes and aqueous ferroin solution. 

~-Orange III, C. I. 13025 
@-Orange II, C. I. 15510 
C-Acid Orange 8, C. I. 15575 
x-Acid Red 88, C. I. 15620 
D-Acid Orange 19, C. I. 14690 
C-1 ,lO-phenanthroline 
1 cm cuvettes-UNICAM SP 600 

Table I.-Absorption maxima of the dyestuffs and their ferroin 
ion-association complexes 

Absorption maximum 

Dyestuff 

Orange III 
Orange II 
Acid Orange 8 
Acid Orange 19 
Acid Red 88 

Water solution of 1 ,Zdichloroethane solution of 
the dyestuff, association complex, 

m/J mFC 

464 423 
488 488 
495 495 
490 502 
510 516 

with the anion of the dye, and this complex is also extracted into 1 ,Zdichloroethane. The selectivity 
of the reaction probably decreases because one may expect formation of ion-association complexes 
with colourless 1 ,lO-phenanthroline cationic complexes such as those of zinc and cadmium. 

In a similar way it should be possible to increase the sensitivity of calorimetric reactions of 1 JO- 
phenanthroline derivatives, e.g., 4,7-diphenyl-l ,lO-phenanthroline (bathophenanthroline) and of other 
agents which form cationic complex with iron or other cations, e.g., cr,a-dipyridyl, tripyridyl-s- 
triazine, terpyridyl. 

The main advantage of the method is the improvement in sensitivity of photometric determination 
of iron by use of readily available and substantially cheaper reagents. 

Acknowledgement-We wish to thank the Association for Tar Dyestuffs, Rybitvi, for the gift of the 
dyestuff samples. 
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Zusammenfassung-Es wird die Extraction des Ionenassoziaten des 
Tri(l,lO-Phenanthrolin)-Eisen(II)-Kations mit Anionen der mono- 
sulfonisierten Azo-Farbstoffen in 1,2-Dichlorlthan Beschrieben. Die 
Methode erhbht die Empfindlichkeit der kolorimetrischen Reaktion des 
Zweiwertigen Eisens mit l,lO-Phenanthrolin. 

R&nn&On d&it l’extraction des associations ioniques du tris(l,lO- 
phenanthroline)fer(II) cation avec des anions des azocolorants mono- 
sulphones par le 1,2-dichloroethane. La methode augments la sensibilite 
de la reaction colorimetrique du fer(II) avec le l,lO-phenanthroline. 
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ANNOTATION 

Application of Zdiphenylacetyl-1,34ndandione chemistry in the identification 
of organic compounds 

(Received 22 August 1967. Accepted 24 October 1967) 

IT has been found that 2-diphenylacetyl-1,3-indandione-l-hydrazone (1) is a valuable reagent for 
identifying and characterizing carbonyl compounds .I Aldehydes and ketones react with 1 to give 
fluorescent azines. Brandt and CheroniG showed that spectrofluorimetric methods are useful in 
detecting concentrations of these azines as low as 10-O M. 

Because many derivatives of 1 are highly crystalline, fluoresce brilliantly and have intense visible 
colours, we wish to point out the potential of using 2-diphenylacetyl-1,3-indandione and its closely 
related analogues as reagents in the identification of various classes of organic compounds. Scheme 1 
summarizes a detailed investigation by Bechara on the preparation of fluorescent derivatives of 
2-diphenylacetyl-I ,3-indandione .3 Potential usefulness in qualitative analysis is given in Table I. 

TABLE L-POTENTIAL us~Pu~N~ss OF 2-DIPHEN~LACETYL-1,3-INDANDIONES IN THE IDENTIFICATION OF 
ORGANIC COMPOUNDS 

Compound to be identified Reagent Reaction conditions 

Product 
(Scheme 1 

compound no.) 

aldehyde, ketone 
ortho-ester 

primary amine (excess) 
primary amine (equiv) 
secondary amine 
alcohol 
acyl or anhydride (excess) 
acyl or anhydride (equiv) 
cyclic anhydride 
ester 
primary amine 
primary amine 
hvdrazine (excess) 
s;bstituted‘hydra&ne (excess) 
substituted hydrazine 
acid hydrazide 
alkylating agents 

1 
1 
1 
1 
3 
3 
3 
3 
3 

10 

CHCI,, H+, reflux 
C,H,OH, p-toluenesulphonic 

acid, reflux 
CeH60H, reflux 
CIHSOH, reflux 
alcohol, reflux 
alcohol, reflux 
pyridine, (CIH&O, reflux 
pyridine, benzene, reflux 
pyridine, benzene, reflux 
NaOCH,, excess of ester, reflux 
CeH50H, reflux 
C,H,OH. reflux 
CH&H,‘reflux 
H,O, reflux 
CH,OH, reflux 
CHCI,, reflux 
CH,OH, reflux 

see Ref. 1 
2 

4 
8 
6 
7 

18 
5 

17 
16 
4 
4 

15 
14 
13 
9 

11,12 

The data in Table I show the reaction conditions for particular examples studied by Bechara. 
Only classes of compounds which were actually examined are listed. However, additions can readily 
be made. For example, compound 1 would also be expected to react with alkylating agents. A 
rrans-esterscation, using compound 2, might be applicable to a great variety of esters. With Scheme 
1, esters were detected readily (reactions l-16) only if there was a strong electron-withdrawing inductive 
effect on the ester carbonyl. 

The potential usefulness of 2-diphenylacetyl-1,3-indandione chemistry in the identification of 
organic compounds centres around compounds 1,2 and 3* (Scheme 2). Though reaction conditions 

* Compounds 1 and 3 are available commercially from the Nease Chemical Company, State 
College, Pennsylvania. The preparation of compound 2 is described in reference 3. 
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J \ 
Reaction benzene alcohol 
conditions W$i$= acid 

reflux 

alcohol aicohoi 
reflux reflux 

Compounds acyl 
identified anhydride 

ester 
primary amine 

aldehyde 
ketone 

primary amine 

ortho-ester 
secondary amine 
alcohol 

Scheme 2 

P ’ 
CCH(C,H,h 

r 

P R OR’ 

1 

0 

iCH(C H ) 8 SP 

1 
primary amine 
hydrazide 
substituted hydrazide 
acid hydrazide 

Identification of organic compounds by use of Z-diphenyl-1,3-indandione chemistry. 

preclude the use of compounds l-3 in any detection application, we consider that the chemistry 
can be exploited to provide the analytical chemist with derivatives from a variety of functional 
groups. These derivatives can be differentiated easily by thin-layer chromatography, fluorimetry, 
and/or absorption spectroscopy. An example follows (compound 13, Scheme 1) of the appli~tion 
of reagent 3 in the prep~tion of derivatives of hydrazines. 

A mixture of 2-O g (0.0056 mole) of Zdiphenylacetyl-l,3-indandione, I.0 ml of phenylhydrazine 
and 50 ml of methanol was refluxed for 4 hr. The solution was concentrated to half its volume and 
cooled in a refrigerator. The yellow solid that precipitated was isolated and recrystallized from 
methanol to give I.95 g (81 ‘A) of the product Zdiphenylacetyl-1,3-indandione-1-phenylhydrazone 
(m-p. 173”; C, 81.0%; H, 52%; N, 65%: C,,H,,N,O,requiresC, 80.93%; H, 512%; N,6.51%). 

Ack~w~edgeme~t-Thy authors are grateful to Edgewood Arsenal for partial support under Contract 
DA-18-108-AMC-207(A). 

W. A. MOSHER@ 
Department of Chemistry I. S. BECHARA 
University of Delaware 
Newark, Delaware 19711, U.S.A. 

PhysicaZ Research Laboratory 
~e~od Arsenal 
~aryZand 21010, U.S.A. 

E. J. POZOMEK 

Summary-Derivatives of 2-diphenylacetyl-1,3-indandione have proved 
useful in identification of a wide variety of functional groups in organic 
compounds, and an account is given of their application in qualitative 
analysis. 

R&tmG--Des derives de la 2diph~nyl~~tyl 1,3-ind~dione se sont 
rev&es utiIes pour l’identi~cation d’une grande variete de groupes 
fonctionnels dans les composes organiques et l’on donne un rapport de 
leur application en analyse qualitative. 

Zusammenfass~-Derivate von 2-Diphenylacetyi-l,3-indandion 
haben sich bei der Xdentifikation einer grooen Anzahl funktioneller 
Gruppen in organischen Verbindungen als niitzlich erwiesen; ihre 
~wend~g bei der qualitativen Analyse wird abgehandelt . 
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LETTERS TO THE EDITOR 

Determination of sodim in hen egg yolk 

Most of the methods proposed for determination of the sodium content of hen egg yolk are based 
on determinhrg the chloride present and equating this stoicbiometrically with the sodium content. 
Direct determination of sodmm by Same photometry is unreliable unless the yolk is first ashed, 
because the atomizer easily becomes blocked with chalazae. The ashlng is difficult and makes routine 
determinations tedious. We therefore tried using a sodium-sensitive glass electrode for direct poten- 
tiometric measurement of the sodium content, and found it gave reliable results and provided a 
rapid routine method. 

A calibration curve is prepared as follows. Take about 1 kg of yolk known to be of low sodium 
content, mix it thoroughly in an emulsifying mixer, and withdraw a sample of 50-60 ml. To the 
rest add O-5 g of dried sodium chloride, mix again and take another sample of about the same size. 
Repeat this set of operations until a total of 5 g of salt has been added. Determine the chloride content 
of each sample by Hubach’s potentiometric method ;l the increase in chloride content is equivalent 
to the increase in sodium content. The sodium content of the original yolk is taken, for routine 
purposes, as equivalent to the chloride content, but for accurate work should be determined directly. 
(This procedure is necessaq because on the laboratory scale it is not always possible to guarantee 
complete mixing, and some salt remains undissolved at the bottom of the vessel, presumably because 
of the rheological properties and high viscosity of egg yolk.) Standardize the pH meter with O-L%4 
sodium chloride, measure the potentials of each of the prepared samples us. a calomel electrode, 
and plot a calibration curve. 
and the calibration curve. 

Determine the sodium content of routine samples from the potentials 

The electrodes must be thoroughly washed and stored in O-1M sodium chloride between deter- 
minations. The potential of the sodium electrode is a&ted by a pH less than 7, but fresh yolk 
usually has a pH > 7 and pNa < 2 so the effect is not significant. Com~tively large variations in 
total salt content do not affect the potential within the limits of error reported. 

Repeated analysis (6 determinations) of the same sample gave an average sodium chloride content 
of 0.40 % (standard deviation 0.014 %) by the potentiometric chloride method and 0.37 % (standard 
deviation 0.019%) by the direct method described here. Analysis of 15 samples by both methods 
gave agreement within experimental error between the results based on chloride and those based on 
sodium. This seems to imply that either method is satisfactory for routine determination of the 
“natural salt” content of egg yolk, but that in research on feed and metabolism factors it might be 
desirable to use both together. The s~ium~l~~ode method is very rapid and most suitable for 
process control. 

Acknowledgements1 thank the Directors of S. Z. Wick 8t Sons Ltd., for permission to publish this 
communication, and Miss Dawson and Messrs. Blake, Burgess and Semp for their assistance with 
the experimental work, 

S. Z. Wick & Sons Ltd. M. I.. &XARDSON 
Fabxm Street 
Oldham, U.K. 
8 October 1967 
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The masking coefficient in precipitation reactions 

Kelly and Sutton1 recently reported that for a salt M,A, with solubility product K, the masking 
coefficient in the presence of a complexing agent and a large excess of precipitating agent could be 
calculated from the equation. 

PM’ = j (pK + ilog[A’I) - f log aAur) - log au 

where PM’, the masking coefficient, is the negative logarithm of the total concentration of metal 
predicted to remain in solution and tLA and ax are the side-reaction coefficients for the precipitating 
anion and metal respectively; since a large excess of precipitating agent is added, the initial concen- 
tration (Ca) can replace the total concentration of it, [A’], remaining in solution. 

If the only sidereaction of the metal to be considered involves the formation of a 1: 1 complex 
with the chelating ligand (as with EDTA, H,Y) 

where w] is the concentration of all complexing ligand other than that involved in reaction with the 
metal and ax(x) is the side-reaction coefficient for the complexing agent. CY, the initial concentration 
of complexing agent, can replace lY’] in equation (2) only if the amount of MY formed is negligible 
compared to the amount of complexing agent; this will be true if there is a large excess of complexing 
agent or if no metal side-reaction is taking place. In the experiments reported by Kelly and Sutton, 
where equimolar amounts of metal and complexing reagent were mixed, the use of Cy instead of 
w] results in an error of only 0.1 pM units if 20 % of Y is used for masking. As the masking effect 
increases, however, the error in calculation becomes signiticant; at 90% use of Y for masking the 
error is 1 pM unit, and if nearly all of it is used (say 99.9 %) the error is 3 pM units. When Cy cannot 
be substituted for ry’], then ry’] can be calculated as follows. 

Since ry’] = Cr - [MY] and [MY] = [M][Y]K m, then for the simplest case, where i = j 

NY’1 -_ 
IMY - [A] ay(E) Kmy 

K&YaA(E) [Y'l 
= 

CA c(ptH) 
(3) 

and 

[Y’] = cy - 
=MY EACH) ry’l 

CA aYtH) 

CACY aYlB) 

= CA aY(B) + K&Y aA * 
(4) 

Substitution for lJ”] in equation (2) gives 

aX=l+ 
&KY CACY 

CA aYC3) + k&Y aA ’ 

At pH values where masking agents such as EDTA are useful (i.e., if any appreciable masking 
occurs), the second term of equation [5] is large compared to unity, and the amount of metal re- 
maining in solution can be calculated from the equation 

pM’ = pK - log aA - log&m - log CY •k log (CA ay(H) -l- k&y aAd- (6) 

For the salt M,&, 

and a general equation similar to (6) can be written. 
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These equations for ap are always applicable; when the amount of MY formed is negligible 
compared to the amount of complexing agent, tc I is more easily determined since ry’] is CT,. At 
low pH values, although masking is still effective if K Xy is large enough, there is little masking 
for most metal ions and aI approaches unity. 

Department of Chemistry 
Dalhousie University 
Halifax, N.S. 
Canada 
13 November 1967 
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THE ROLE OF 70430% PERCHLORIC ACID AS OXYGEN 
DONOR AND THE OXIDATION POTENTIALS MADE 

AVAILABLE 

G. FREDERICK SMITH 
Noyes Chemical Laboratories, University of Illinois, Urbana, Illinois, U.S.A. 

(Received 8 September 1967. Accepted 29 November 1967) 

Summa~-A study has been made of the probable oxidation potentials 
provided by perchloric acid in the concentration range 70-80 %. The 
effect of acid concentration and temperature on the oxidation of 
chromium, vanadium, cerium, and manganese has been investigated. 
Available oxidation potentials appear to be 2.0-2.1 V or higher. The 
monohydrate of perchloric acid, HC104*Ha0, containing 84.6% of 
perchloric acid, has been made commercially available and authorized 
for distribution by common carrier. It can be diluted to give acid 
concentrations from 73.6 % (corresponding to HC104*2Hz0) upwards. 
Perchloric acid mixed with sulphuric acid is equivalent to high con- 
centrations of perchloric acid and can be used for dissolution of ores 
and destruction of organic matter. 

AMONG the many analytical applications of perchloric acid the most important involve 
its activity as an oxygen donor. At concentrations below 50 % and at temperatures of 
50-60”, perchloric acid releases no oxygen. Iron dissolves to give iron(I1) perchlor- 
ate; zinc also dissolves with evolution of hydrogen and formation of zinc perchlorate. 

At concentrations of 65 % acid (HClO,*3H,O) or higher, perchloric acid at its boiling 
point (160”) readily releases oxygen. Cellulose is converted into carbon dioxide at a 
moderate rate,l the reaction being catalysed by a trace of vanadium. Cellulose is 
oxidized violently by hot 70% perchloric acid (b.p. 195”). The 69-70% acid at its 
boiling point is required to oxidize chromium(II1) to chromium(W). Perchloric 
acid at the concentration corresponding to its water azeotrope, 725 %, at its boiling 
point (203”) begins to convert cerium(II1) into cerium(IV). The dihydrate 
(HClO,*2H,O, 73.6 %) oxidizes cerium(II1) at 183”. 

A study of 73.6-80 % or even more concentrated perchloric acid as oxygen donor 
has not previously been made in an analytical context. The present study gives a 
better understanding of the oxygen donor activity of perchloric acid in the wet 
oxidation of organic material. 

EXPERIMENTAL 

Preparation of highly concentratedperchloric acid 

The azeotrope of perchloric acid, b.p. 203”, is prepared by concentration of the 68-70x acid, the 
first few per cent of distillate being discarded. This concentration operation is accompanied by 
evolution of some chlorine, which can be removed from the azeotrope by passage of a stream of air. 
There is no hazard involved. 

The dihydrate of perchloric acid, HC10d.2H10, is prepared* by the distillation of the 70-72x 
acid at 6-7 mmHg pressure. 

The anhydrous acid is prepared a*( by either of two procedures. The more convenient* involves 
the vacuum distillation of the 70-725 % acid in the presence of anhydrous magnesium perchlorate. 
The anhydrous acid thus formed is collected as distillate in a cold trap immersed in solid carbon 
dioxide. 
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Since anhydrous perchloric acid is not stable at ordinary temperature for longer than 72-96 hr, it 
is converted into the 84.6 ‘A acid. This monohydrate (HCIOI - HzO), better designated oxonium 
perchlorate OH&lOI, (m.p. 49.90”) is obtained by mixing equimolar amounts of the dihydrate and 
the anhydrous acid. The shipment, by common carrier, of properly ampoule-encased oxonium per- 
chlorate is authorized and this acid is thus available commercially.6 

All of the various acid strengths (70-84.6x) employed in the present study were analysed by 
titration of small weighed samples with standard sodium hydroxide. The error of duplicate or 
triplicate tests was 1 ppt or less. Acid concentrations in the range 736-83 % were prepared by addition 
of water to oxonium perchlorate. 

Oxidative properties as a function of acid concentration and temperature 

Because of the non-reversibility of the reaction, the available oxidation potential of hot con- 
centrated perchloric acid must be determined semi-quantitatively from the colour changes occurring 
in the oxidation of certain metal ions such as chromium, vanadium, cerium and manganese. 

Procedure 

A 20-ml portion of perchloric acid was placed in a lOO-ml round-bottom flask fitted with a water- 
cooled condenser and teflon-mounted thermometer (Fig. 1). Then 3M mg of the reduced form 

Fro. I.-Oxidation test apparatus. 

of a suitable redox system were added as indicator. The reaction flask was mounted above a heating 
mantle (a modified Rogers ringburner and wire gauze). The gas flow and the height of the flask 
were adiusted so that the temnerature increased at a rate of about l”/min. as shown in Fig. 2. The 
transiti& temperature indicattd by the colour change of the redox couple was reproducible &thin l”, 
the momentary pause in the temperature rise as the oxidation reaction occurred making this tem- 
nerature easily discernible. 
L Oxidationsof chromium. Ch;romium(III) is not oxidized to chromium(VI) by boiling perchloric 
acid of concentration below about 68 “A. It is oxidized bv hot 70 “/, nerchloric acid and the chromium- 
(VI) oxide formed is soluble in the “hot acid but completely’ Gecipitated at room temperature. 
Chromium(U) perchlorate hexahydrate was used as indicator. The transition temperatures for 
various acid concentrations are shown in Fig. 3. 

Oxidation of vanadium(ZV). Vanadyl sulphate (40 mg) was used with 20-ml samples of the various 
acid strengths, the colour changes being from blue to green to orange upon heating, and the product 
was vanadic acid. The results are shown in Fig. 4. 



The role of 70-80 % perchloric acid as oxygen donor 

f 63 
3 
‘; 61 
k 
E” 59 

F 57 

9 II 13 15 17 19 21 

Time, min 

FIG. 2.-Typical temperature-time curve, showing temperature lag as reaction begins. 
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FIG. 3.-Oxidation of chromium(II1). 

Oxidation of cerium(IZZ). The oxidation of cerium(II1) perchlorate to perchloroatoceric acid by 
72-80x perchloric acid is recorded in Fig. 5. The indicator colour change is from colourless to 
orange. 

Oxidation of manganese. Manganese perchlorate is oxidized by 69-81x perchloric acid, pre- 
sumably to manganese dioxide, as indicated by the appearance of a brown colour. The results 
obtained are shown in Fig. 6. On heating at higher temperatures the manganese is oxidized to yield a 
light purple product, probably permanganate. 

DISCUSSION 

Qualitative estimation of oxidation potentials 

In the oxidation of chromium, vanadium, cerium and manganese, Figs. 3-6, 
a plateau occurs in the plots of oxidation temperature us. acid concentration, in each 
case at approximately 76.5 % perchloric acid concentration. The significance of this is 
not clear, though it may indicate a change of mechanism. 

Much more important is the determination of the oxidation potentials provided. 
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FIG. 4.-Oxidation of vanadium(N). 
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FIG. K-Oxidation of cerium(III). 
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FIG. 6.-Oxidation of manganese(H). 

The standard oxidation potential of the Ce(III)/Ce(IV) couple in 1F perchloric acid 
has been determined’ by Smith and Goetz to be l-70 V and increases to l-88 V in 8F 
perchloric acid. Perchloric acid of 765% concentration is approximately 13.2F. 
Data for the oxidation potential of the Ce(III)/Ce(IV) couple’ are plotted in Fig. 7. 
Assuming that these data can be extrapolated linearly to an acidity of 13_2F, an oxida- 
tion potential of 2.04 V is indicated for the 76.5 % acid. These extrapolated values 
are not an underestimate of the real values if one accepts the common dictum that 
80-100 % concentration of perchloric acid inevitably causes explosion, a dictum which 
is reasonably justified for concentrations above 84.6 %. From the extrapolated values 
of Fig. 7, the oxidation potential of 73.6% perchloric acid is comparable to that of 
ozone in acid solution and second only to that of fluorine in magnitude. Beyond 
doubt, acid more concentrated than the monohydrate, OH&IO,, makes available 
oxidation potentials of at least 2.1 V. 

Perchloric acid as oxygen donor in the destructive oxidation of organic material 

From the data presented it must be concluded that perchloric acid provides a source 
of available oxygen, which can be controlled by variation of concentration and tem- 
perature. 

In the wet oxidation of organic material by perchloric acid alone, a constant acid 
concentration1 is obtained by performing the digestions under reflux with the Bethge 
apparatus. In destructive oxidation of organic matter by either “the liquid fire reac- 
tion”8 or “the periodic acid liquid fire reaction”,g the rate of oxidation is controlled 
by gradual elevation of the temperature under non-reflux conditions. 

The Kjeldahl destruction of organic matter has been materially shortened by the 
dropwise addition of perchloric acid. A general scheme for this destructive oxidation 
by use of mixed sulphuric and perchloric acids has been described,lO and a preliminary 
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digestion with boiling concentrated sulphuric acid has also been followed by the 
more convenient addition of concentrated perchloric acid in bulk instead of dropwise.ll 
The use of hot concentrated mixed sulphuric and perchloric acids raises the question 
of the equivalent perchloric acid concentr&ion thus provided. This has been deter- 
mined in the following manner. Reagent grade sulphuric acid (95-l % H,SO, by 
analysis) was mixed with 72 % perchloric acid over the range 5,10,15,30 and 50 % v/v 
perchloric acid. The oxidation potentials of these mixtures were determined in the 
way already described, and used as a measure of the concentrations of perchloric acid 
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FIG. 7.-Redox potential of the Ce.(III)/Ce(IV) couple as a function of perchloric 
acid concentration. 

that would be equivalent to these mixtures in oxidizing power. The results are shown 
in Fig. 8. For the mixtures used in the general procedures quoted,lOmll the equivalent 
perchloric acid concentration is 78%. Knecht la has recently used hot perchloric 
and sulphuric acid mixtures to oxidize cerium(II1) and has concluded that the oxida- 
tion potential of the mixture is at least 2 V. 

Applications of 80 % perchloric acid 

Iodine has been oxidized in the vapour phase by subliming it into the fumes of 
72.5 % perchloric acid at its boiling point. By its addition to 78-80 % perchloric acid 
and heating to temperatures lower than the boiling point, iodine is oxidized to iodic 
acid in the liquid phase. 

Oxidation of sulphur to sulphate and oxides of sulphur by its addition to boiling 
72.5% perchloric acid is well known; flowers of sulphur can be oxidized at room 
temperature by addition to 78-80x perchloric acid, this oxidation being highly 
exothermic. 

Addition of sodium oxalate to boiling 72.5 % perchloric acid results in its oxidation 
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Volume HC104, % 

FIG. S.-Perchloric acid concentration equivalent to a mixture of 95% perchloric 
acid and 95 % sulphuric acid. 

to carbon dioxide without violent reaction. l The addition of sodium oxalate to 78- 
80 % perchloric acid followed by heating results in quiet oxidation to carbon dioxide. 
Vanadium acts as a catalyst. 

Galena dissolves in 81% perchloric acid at 40-90” to give a colourless solution. 
The lead sulphate formed is soluble in this strength of perchloric acid and is precipitated 
on dilution with water. This reaction is also highly exothermic. Insufficient sulphate is 
produced to precipitate all the lead. Pyrrhotite (magnetic FeS) dissolves in 81% 
perchloric acid at 50’ with notable vigour. This reaction is highly exothermic and 
partially converts the iron into anhydrous iron(II1) sulphate, which is insoluble in 
the concentrated acid. Upon dilution with water and warming, a clear solution results 
which may be green because of the presence of nickel. Other sulphur ores were not 
tested since it is quite evident that by the use of 78-80x perchloric acid, effective 
oxidation of sulphur and dissolution of the ore can be obtained. 

On heating with 77 % perchloric acid, wool yarn gives a chocolate-brown solution 
which rapidly oxidizes quietly at the temperature of the boiling point of the acid, 
giving a yellow solution. The presence of unoxidized organic matter is indicated by 
the appearance of a green colour on addition of a few milligrams of chromium(II1) 
perchlorate. Vanadyl sulphate (1 mg) can be added as catalyst. Ammonium per- 
chlorate resulting from the protein conversion crystallizes out on cooling. Cellulose 
is not set on fire by 80% perchloric acid at room temperature. 

Reduction products of 78-80 % perchloric acid 

In the oxidations described the reduction products were tested for presence of 
hydrochloric acid. Only very small amounts were found in the gaseous products or 
the acid residue. In the oxidation of cerium(II1) the resultant perchloratoceric acid 
is unstable at 100-190” and reacts to evolve oxygen. 

In none of the work described here was it deemed necessary to work with protection 
against possible violet reactions. The commercial availability of crystalline perchloric 
acid monohydrate, HCIO,*H,O, and its permissible distribution by common carrier 
should result in numerous practical applications of 736-84.6 % perchloric acid. 

Zusammenfassung-Die in %rchlors&tre im Konxentrationsbereich 
70-80x vorliegenden Oxidationspotentiale wurden untersucht. Der 
EintluJ3 von Slurekonxentration und Temneratur auf die Oxidation 
von Chrom, Vanadium, Cer und Mangan \;urde studiert. Die Oxida- 
tions-potentiale liegen anscheinend bei 2,0-2,l V oder hiiher. uber- 
chlorsauremonohydrat HCIOI*HsO, das 84,6 % Dberchlorslure 
enttilt, ist im Handel xu erhalten und xum Transport auf den normalen 
Wegen xugelassen. Es kann zu Sriurekonrentrationen von 73,6% 
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(HC101*2H1 Oentsprechend) an aufwlrts verdiinnt werden. Gem&he 
von Uberchlorsaure und Schwefelaure entsprechen hochkonzen- 
trierter Uberchlorslure und k&men zum L&en von Ehzen und zum 
Zerstbren organ&hen Materials dienen. 

Resume-On a effectue une etude des potentiels d’oxydation probables 
apportes par l’acide perchlorique dans le domaine de concentration 
70-80x. On a etudie I’influence de la concentration de l’acide et de 
la temperature SIX l’oxydation du chrome, du vanadium, du &ium 
et du manganese. Les potentiels d’oxydation valables paraissent Etre 
2,0-2,l V ou plus. Le monohydrate de l’acide perchlorique HClO,, 
H,O, contenant 84,6 % d’acide perchlorique, est devenu commerciale- 
ment accessible et sa repartition auto&e par transport ordinaire. 
On peut le diluer pour avoir des concentrations en acide allant de 
73,6 % (correspondant 1 HC101*2Ha0) aux valeurs superieures. L’acide 
perchlorique melange a l’acide sulfurique est equivalent a des con- 
centrations Blevees d’acide perchlorique et peut etre utilise pour la 
dissolution de minerais et la destruction de la mat&e organique. 
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ISOLATION OF OSMIUM AND RUTHENIUM BY ION- 
EXCHANGE PAPER AND SUBSEQUENT DETERMINA- 

TION BY X-RAY FLUORESCENCE 

H. TAYLOR and F. E. BEAMISH 
Department of Chemistry, University of Toronto, 

Toronto 5, Ontario, Canada 

(Received 11 December 1967. Accepted 16 January 1968) 

Summary-Quantitative separations of microgram quantities of 
osmium and ruthenium from large proportions of copper, iron and 
nickel were accomplished by the use of anion-exchange paper. Accur- 
ate determinations of osmium and ruthenium were made by adaptation 
of X-ray fluorescence. Wet methods for the dissolution of the paper 
and exchanger and subsequent wet determinations of osmium and 
ruthenium are discussed. 

METHODS of separating both microgram and milligram amounts of the six platinum 
metals from large proportions of iron, copper and nickel by cation-exchange columns 
have been reported. l The isolation of rhodium, iridium, platinum and palladium 
by anion-exchange columns has also been the subject of a number of papers.2 How- 
ever, no method for the successful isolation of osmium or ruthenium on anion- 
exchangers has yet been recorded. By the application of anion-exchange paper 
the present authors hoped to avoid determinations of osmium and ruthenium in- 
volving treatment of large volumes of effluents. Furthermore, it seemed probable 
that use of an anion-exchange paper would permit subsequent determination by 
X-ray fluorescence. The successful accomplishment of both objectives is described 
below. The method of determination is rapid and accurate and the separation from 
base metals is complete for osmium, with only slight losses of ruthenium. 

Reagents 
EXPERIMENTAL 

Ammonium chlororuthenate. Prepared by dissolving 1.7 g of the salt in 200 ml of water and 20 
ml of concentrated hydrochloric acid, filtering twice. and diluting to 1 1. with 2hr hydrochloric acid. 
Precipitation by thionalide* indicated a ruthenium concentration of @4701 mg/ml. 
were prepared by appropriate dilution to make 2N hydrochloric acid. 

Working solutions 

Ammonium chloro-osmate. Prepared by dissolving 2.3 g of the salt in 200 ml of water and 40 ml 
of concentrated hydrochloric acid. The solution was heated gently for 30 min and filtered through a 
sintered glass crucible; the filtrate was diluted to 1 1. Precipitation by thionalide” gave the osmium 
concentration as 0.851 mg/ml. Working solutions were adjusted to pH 1. 

Base metal solutiotzs. Prepared by dissolving 650 g of FeC& . 6HI0, 80 g of NiCI, .6H,O and 50 g 
of CuClp . 2HI0 in 200 ml of concentrated hydrochloric acid and diluting to 2 1. 
metal in 150 ml of this solution was equal to the total weight of an assay button. 

The weight of base 

base metals were similarly prepared. 
Solutions of single 

Apparatus 

Zon-exchangepapers. Disks 35 cm in diameter were prepared from Reeve Angel SB 2 anion- 
exchange paper. 
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X-Ray eguipment. Philips X-ray generator, goniometer and electronic circuit panel. 
Filtering equipment. This was a modification of that described by Campbell et al.6 The filter 

paper was held in a iixed position on a narrow rim fused to the inside wall of a funnel. An open 
female joint, (34/35), fitted into the funnel with the smooth, evenly cut end fused to the inner wall 
of the funnel immediately adjacent to the rim and to the outer circumference of the rim. The disk 
of anion-exchanger was placed over the rim. The male joint was fitted into the female joint with the 
lower edge pressing tightly against the paper resting on the rim. The upper cup served as a funnel. 

Determination of ruthenium 

Procedure. Aliquots of the ruthenium solutions containing from lo-100 p”g of ruthenium were 
evaporated to incipient dryness in the presence of 5 ml of 2% sodium chloride solution and several 
drops of concentrated hydrochloric acid. The residue was dissolved and diluted to 20-25 ml and the 
acidity was adjusted to pH O-3. The ion-exchange paper disk was inserted into the filtering apparatus 
and several ml of hydrochloric acid, pH @3, were passed through the paper. The ruthenium solution 
was passed through the paper twice at a rate of 1 drop/set and the paper was washed with 10-20 
ml of hydrochloric acid at pH 0.3. After filtration, the disk was removed from the apparatus, pressed 
between two pieces of filter paper, and allowed to dry completely. 

For the X-ray determination of ruthenium the K,, line was used because of its high intensity for 
ruthenium and lower interference as compared with the other lines. The X-ray tube was o rated 
at 50 kV and 20 mA and the scintillation detector was operated at 800 kV. With a lithium !? uoride 
crystal, the K,, line occurred at 18.37” (28). 

The goniometer setting was not readjusted during the period of determination and the same 
mylar film on the bottom of the standard metal sample holder, supplied with the Philips X-ray 
fluorescence instrument, was used throughout a series of sample determinations. 
sis was employed in every case.* 

Pulseheight analy- 
The disks were placed in the sample holder which was positioned in 

the path of the X-rays. Ten readings were taken, with a fixed time of 10 sec. The opposite side of 
the disk was then exposed to the X-rays and a further ten readings were taken and the results averaged. 
A series consisted of one or two standards, a blank, and several samples. The blank was prep& 
in exactly the same manner as the samples. The metal content of the sample was calculated from the 
standard as follows. 

(Nsr - NB)/~ = x 

Weight of ruthenium &) in sample = (Ns - NB)/x where N sT = count&c from the standard, 
Ns = counts/set from the sample, NB = counts/set from the blank, n = rug of ruthenium on the 
standard disk, x = the counts per ,ug of ruthenium in 10 sec. As noted below, the background counts 
were consistent and it was found experimentally that the counts varied directly with the weight of 
ruthenium. 

AIternative wet method of determination. The ion-exchange disk containing the ruthenium was 
placed in a distillation flask with a solution of 20 g of sodium hydroxide in 150 ml of water. The trap 
contained 10% potassium permanganate solution. The receiver solutions, which were chilled in ice- 
baths, consisted of hydrochloric acid (1 + 2) containing 3% of hydrogen peroxide. Chlorine was 
bubbled slowly throigh the pot liquid, and was absor&d immediately by-the sodium hydroxide, 
formine sodium hmochlorite and hydrochloric acid. After armroximatelv 20 min. the temDerature 
rose qsckly and ‘a rapid effervescehce occurred. If the co&ions werg not co&rolled &fully, 
froth rose in the flaskand bubbled over into the trap. Morecontrol was achieved if the sodium hydrox- 
ide contained little carbonate and particularly if it was boiled and cooled before use. During the 
reaction, the paper disintegrated quickly and the finely divided particles of resin disappeared com- 
pletely. After the reaction had ceased, the chlorine was allowed to bubble through the solution for 
approximately 10 min or until it was no longer absorbed. 

The liquid in the pot was boiled for 30 min after the chlorine supply had been disconnected, and 
the trap was refluxed-for 15 min. The receiver traps were then rem&eb. from the apparatus and the 
solutions were evauorated on a steam-bath to 10 ml. Three ml of 2% sodium chloride solution 
were added and &e samples were evaporated to near dryness. The s& residue was dissolved in 
distilled water and hvdrochloric acid and the ruthenium was determined colorimetricallv with 
thi0urea.O The readi& were taken at 650 rnp, with matched 5-cm silica cells for less than 4 ppm, 
and l-cm cells for 9-18 ppm. 

The results for the X-ray determination of ruthenium and comparisons with wet methods are 
recorded in Tables I, II, III and V. 

* For ruthenium the window parameters were 22.5 V for the baseline and 16-8 V for the window. 
In the case of osmium, repair of the instrument during the determinations necessitated adjust- 
ments of the window ,dimensions and thus those dimensions used would be inapplicable to a 
machine in good working order. 
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Determination of osmium 

Procedure. The sample preparation and X-ray determination used for osmium were similar to 
those used for ruthenium. In order to achieve quantitative retention of osmium on the anion- 
exchange paper, a prior evaporation to dryness was not recommended (see discussion). Aliquots 
of the stock solution containing from 17 to 85 ,ug of osmium were diluted to 25 ml. The acidity 
was adjusted to pH 1 before a single passage through the disk, which had been washed with hydro- 
chloric acid at pH 1. The La1 line occurring at a, goniometer setting of 4040” (20) was used as it 
gave the highest intensity for osmium, compared to the background. 

Alternative wet method. The osmium on the anion-exchange paper was destroyed by sodium 
hydroxide and chlorine in a distillation flask by a procedure similar to that used for ruthenium. The 
distillate was collected in receiving solutions ‘conmining 3 % of hydrogen peroxide. The receiving 
solutions. keot in an ice-bath.were transferred to a second distillation flask and distilled with hvdrogen 
peroxide-as oxidant? was made. Osmium was determined in the distillate by addition of ‘3 mrof 
10% thiourea solution. With freshly distilled solutions, the rose colour developed immediately and 
it was not necessary to add stannous chloride; low results were obtained unless the solution containing 
the freshly distilled osmium was allowed to stand overnight after the thiourea had been added. 
Allan and Beamish also found that overnight standing was advisable to obtain maximum colour for 
osmium concentrations of 5 ,ug/ml. Determinations were made at 480 rnp in matched 5-cm silica 
cells. The results for the determination of osmium and comparison with wet methods are recorded 
in Tables VI, VII and VIII. 

Separation of osmium or ruthenium from base metals by anion-exchange 

Initial experiments were made to determine that no iron. copper, or nickel would be retained on 
the anion-eGhange paper. Separate solutions of iron, col~pe; ind nickel at pH 0.3 were filtered 
individually through anion-exchange paper. The disks were washed well with a hydrochloric acid 
solution at the same oH. Each disk was burned to a fine ash in a crucible. The ashes were dissolved 
and appropriate spot tests performed. No trace of iron, copper or nickel was found. 

Then 10-100 pg of ruthenium were added to 10-20 ml of the mixed base metal solution which was 
then evaporated to incipient dryness. In order to avoid a brown turbidity the solution was evaporated 
to incipient dryness only and the residue was dissolved in a small amount of concentrated hydrochloric 
acid before dilution to 25 ml and pH 0.3. The green solution was filtered through an ion-exchange 
disk as previously described. The ruthenium retained on the disk was determined by X-ray fluores- 
cence. 

In the case of osmium the evaporation to dryness was omitted and the solution was used at pH 1. 
The results for the determination of osmium and ruthenium after separation from base metals are 
shown in Tables IX and X. 

RESULTS AND DISCUSSION 

TABLE I.-RECOVERY OF RUTHENIUM BY X-RAY AND WET METHODS 

X-Ray, Wet method, 

ccg I% 

17.8 17.7 
36.0 34.1 
18.8 18.4 

188.58 
9.2 

17.8 

The results given in Table I comparing the X-ray fluorescence method with the 
wet method for ruthenium show good precision. In the sample preparation, it was 
necessary to evaporate the solutions to incipient dryness in the presence of sodiumchlo- 
ride and hydrochloric acid. Initial experiments revealed that unless this evaporation 
was made, less than 80% of the ruthenium was retained on the anion-exchange disk. 
The retention was improved considerably by evaporation but slightly less than 100% 
of the ruthenium was retained on the disk. Chemical determinations on the effluent 
showed the presence of ruthenium and these losses are shown in Table II. The percent- 
age of ruthenium passing through the disk was always small and reasonably consistent. 
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TABLE II.-RETENTION OF RUTHENIUM BY ANION-EXCHANGE PAPER 

No. 
Added, 

&Y 

Retained on 
disk, pg 

Difference, 

&? 

Loss, 

% 

470.1 456.8 13.2 
4701 456.5 13-6 
188.0 182.6 5.4 
188.0 182.8 5.2 
940 91.4 2.6 
47.0 45.7 1.3 
47.0 460 1 
18.8 18.4 0.4 
18.8 17.6 l-2 

2.8 

;:; 

f:! 

2.8 
2-l 
2.8 
6.8 

Excluding No. 9, average = 2-7 

With the filtering apparatus used, the ruthenium was uniformly distributed over the 
ion-exchange paper. Uniform distribution was also achieved when the solution was 
passed through an anion-exchange disk held by gentle suction to the porous bottom 
of a filtering stick (35 cm diameter), but in this case up to 50% of the ruthenium 
passed through the disk. Attempts to improve the results by using various suction 
rates from 10 to 60 drops/min failed to improve the results and the use of suction 
was therefore discontinued. 

The net count Ns - NB was used to determine the number of counts from the 
ruthenium alone. Fortunately, the blank was sulhciently precise to be used as a means 
of finding the background. 

The only variation in the composition of the sample solutions aside from the con- 
centrations of ruthenium and the very slight differences in acidity, was the amount of 

TABLE III.-RWEIENIIJM BY X-RAY FLUORESCENCE 

Ruthenium on disk,* Recovered, 

KY Icg 

91.5 91.6 

91.5 91.5 

73.2 73.2 

54.9 55.2 

45-7 45.9 

45.7 46.3 

36.6 36.5 

366 36.1 

36.6 36.0 

36.6 36.3 

18.3 18.0 

18.3 17.8 

18.3 18.8 

18.3 18.5 

9.2 8.8 

9.2 10.5 

9.2 9.7 

9.2 9-5 
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sodium chloride present in the solution. Blanks were prepared with various amounts 
of 2% sodium chloride solution (2-15 ml). The results are summarized in Table 
IV and show no significant variations. 

TABLE IV.-EFBB~~ OF SODT[IM CHLORU)E ON BLANK 

Blank count, 

CPS 
2% NaOH used in blank, 

ml 

372.1 15 
325.5 6 
328.2 10 
325.7 5 

* Obtained by subtracting the 3 ‘A loss to effluent from 
the weight of added ruthenium. 

Because of fluctuations in the machine from day to day, fresh standardizations 
had to be made each time a set of samples was determined. Two standards containing 
a known amount of ruthenium were prepared and the counts were read for each of 
the samples, the standards and the blank. 

TABLE V.---RECOVERY OF RUTHENIUM FBOM THE ANION-EXCHANGE PAPER 
BY DISTILLATION 

In original 
solution, 

M 

470.1 
470.1 

940 
47.0 

940.4 

In effluent, 

W 

13.5 
13.2 

negligible 
negligible 

28-l 

Ru in receivers after 
distillation from paper, 

W 

456.2 
456.0 

91.6 
46.0 

901.9 

The results tabulated in Table V show that the wet method removed all of the 
ruthenium from the resin and volatilized it completely. After the sample had been 
prepared, the X-ray determination required only 15 min as compared to 2 hr for the 
wet method. 

TABLE VI.-DETERIIIINATION OF OSMWM BY X-RAYS 

Added Found, 
PFcg &? 

34.0 33.1 
85.1 85.6 
85.1 84.5 
85.1 85.2 
17.0 16.8 

425.5 424.8 
525.5 424.3 
425.5 425.4 
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TABLE VII.-DETJU~+UNATION OF OSMIUM BY 
DISTILLATION 

In solution, Recovered in distillate, 
I% &? 

340 33.1 
85.1 85.6 
85.1 84.5 
85.1 85.2 
17.0 16.8 

425.5 424.8 
425.5 424.3 
425.5 425.4 

TABLE VIII.-DETERMINATION OF OSMIUM BY X-RAY AND WET METHODS 

Added, 
w 

X-Rays, 
M 

Wet method, 
% 

340 33.5 33.2 
340 33.8 33.0 
17-o 16.5 16.3 
85.1 85.0 84-9 
85.1 84.8 84.4 

Tables VI, VII and VIII show that the X-ray fluorescence method and the wet 

method for osmium were equally successful for the determination of osmium. In the case 
of osmium, there was no problem of incomplete retention on the anion-exchange disk. 
There was also no loss of osmium from volatilization when the osmium on the paper 
was struck with X-rays. Some loss had been expected because of the ease with which 
osmium tetroxide is volatilized. 

It may be noted that while the accuracy of the X-ray determination for ruthenium 
is excellent, there is a constant 3 y0 loss through the anion-exchange paper. While the 
constancy of this loss allows the use of a small correction factor, any improvement 
in the retention will reduce or eliminate the need for a factor. Table II indicates that 
the loss on 20 ,~g of ruthenium is about 1 ,ug and therefore of little significance in the 
calorimetric determination. 

Tables IX and X illustrate the applicability of anion-exchange and X-ray deter- 
minations to the separation of microgram quantities of osmium and ruthenium 
from milligram of the base metals. Losses of osmium, presumably as the tetroxide, 
during evaporation of osmium solutions containing base metals were reported by 
Van Loon and Beamish. The magnitude of the loss varied with the identity of the 
base metal, the highest losses occurring in the presence of iron, with significant 
losses in the case of copper and small losses in the presence of nickel. In an earlier 
paper, Van Loon and Beamish lo found loss of osmium from boiled hydrochloric acid 
solution presumably containing only hexachloro-osmate. This was, of course, contrary 
to the long known stability of boiling distillates of the hexachloro-osmate obtained by 
distilling the tetroxide into hydrochloric acid. Fayrl was unable to corroborate the 
findings of Van Loon and Beamish, reporting that no losses occurred from evaporation 
of hydrochloric acid solutions of hexachloro-osmate. The present authors made some 
effort to explain the contrary findings. It was confirmed that volatilization losses from 
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TABLEIX.-EFFECT OFBASEMETALSINORIGINALSOLU~ONSONX-RAYDETERMINATION 

Ruthenium in solution 

W 

18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
37.5 
37.5 
37.5 
37.5 
37.5 
37.5 
37.5 
94.0 
94.0 

Found, 300 mg of base metal 
Found, no base metal present present in the orginal solution, 

l% pg 

18.2 
18.0 
18.5 

18.2 
18.5 
18.9 

36.1 
36.0 
36.3 

36.0 
36.2 
36.5 
33.5 

91.6 
90.2 

TABLEX.-I~ETERMINA~ONOFOSMIUM BYX-RAYSAFTERSEPARATING 
FROM 300 mg OF BASEMETALS 

Taken, Found, 

W Ilg 

34.0 33.7 
34.0 34.4 
68.1 68.2 
68.1 67.9 
85.1 84.7 
17.0 18.1 
17.0 166 

hexachloro-osmate did occur but only in the presence of oxides of nitrogen in the 
atmosphere or in the presence of certain base metal or oxidizing impurities in the 
hydrochloric acid used. Evaporations in fume chambers free from oxides of nitrogen or 
dust containing iron were not accompanied by osmium losses. These findings resulted 
in the above procedure for osmium being slightly modified from that recommended 
for ruthenium, in which evaporations to dryness were made. 

Zua&menfassung-Mit Ionenaustauschpapier wurden Mikrogram- 
mengen Osmium und Ruthenium quantitativ von froBen Mengen 
Kupfer, Eisen und Nickel abgetrennt. Osmium und Ruthenium 
wurden durch Rtintgenfluoreszenz genau bestimmt. NaBverfahren 
zur Auflosung von Papier und Austauscher sowie nachfolgende 
Na!&estimmungen von Osmium und Ruthenium werden diskutiert. 

RCsum~On a rdalis6 des s6parations quantitatives de quantites de 
I’ordre du microgramme d’osmium et de ruthenium de grandes propor- 
tions de cuivre, fer et nickel par l’emploi de papier &hangeur d’anions. 
Des determinations pr&ises d’osmium et de ruthenium ont 6te faites 
par adaptation de la fluorescence aux rayons X. On discute de methodes 
par voie humide pour la dissolution du papier et de I’&hangeur et de 
dosages subsequents par voie humide de I’osmium et du ruthenium. 
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METAL CHELATE EXCHANGE IN THE ORGANIC 
PHASE-II 

EXTRACTION AND EXCHANGE CONSTANTS OF DlTHIZONATES 
AND DIETHYLDITHIOCARBAMATES 
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Prague 1, Bfehovri 7, Czechoslovakia 
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Summary-Dithizonates and diethyldithiocarbamates of Ag, Tl(I), 
Cu(II), Zn, Cd, Hg(II), Pb, Fe(II), Co(II), Ni, Pd(II), In(III), As(III), 
Sb(III), Bi, Se(IV) and Te(IV) have been prepared and their reactions 
in carbon tetrachloride have been studied spectrophotometrically. 
From the exchange constants determined, the extraction constants of 
metal diethyldithiocarbamates have been calculated. Where formation 
of mixed chelates has been observed, corresponding exchange constants 
have been determined. Finally, the influence of organic solvents 
(Ccl,, CHCI,, C,HB and C,H,Cl) on the exchange reaction of zinc 
diethyldithiocarbamate with dithizone has been investigated. 

IN OUR previous paper,l metal chelate exchange in the organic phase has been described 
and its theory given. It was shown that the equilibrium constant E of any exchange 
reaction is related to the extraction constants K of the metal chelates involved. Thus 
from known K-values, the exchange constant E can be calculated and the course of the 
exchange reaction predicted. Alternatively, by measurement of the exchange con- 
stant, the extraction constant of one metal chelate can be calculated when the extrac- 
tion constant of the second chelate is known. The latter approach has been chosen to 
determine metal diethyldithiocarbamate extraction constants, which are very high 
and thus difficult to determine by the conventional methods. Dithizone has been used 
as the second chelating agent because metal dithizonates (and dithizone itself) are 
coloured and their extraction constants are well known. 

During our investigation an experimental methodology has been developed which 
enables one to obtain reliable results with minimum effort. 

THEORETICAL 
Investigation of mixed chelates 

From the theory given in the previous paper ,l it follows that the equilibrium 
constant of the exchange reaction between metal dithizonate M(HDz), and diethyl- 
dithiocarbamic acid HDDC [or alternatively between metal diethyldithiocarbamate 
M(DDC), and dithizone H,Dz] in the organic phase can be expressed as 

E 
MDW,I[H,D$’ KiV(DDC)N 

M(HDz’N-HDDc = [M(HDz),][HDDCIN = KMfHDzjN (9 

where &DDc), and &(HD~)~ are the extraction constants of metal diethyldithio- 
carbamate and dithizonate respectively, and subscripts indicating the phase are 
omitted for simplicity. 

* Present address: Chemistry Department A, Building 207, Technical University of Denmark, 
Lyngby, Denmark. 
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However, when mixed chelates are formed the exchange reactions are more com- 
plicated. Thus, the reaction of copper dithizonate with diethyldithiocarbamic acid 
can be described by the reactions 

Cu(HDz), + HDDC = Cu(HDz)(DDC) + H,Dz 

Cu(HDz)(DDC) + HDDC = Cu(DDC), + H,Dz 

with equilibrium constants 

(2) 

(3) 

E’ 
[Cu(HDz)(DDC)] [H,Dz] 

Cu(HDs),-HDDC = [Cu(HDz),] [HDDC] 
(4) 

and 

ES 
[WDDChI P-W4 

Cu(HDz)(DDC) -EDDC = [Cu(HDz)(DDC)] [HDDC] 
(5) 

From equations (4) and (5) it follows that 

IWDWJI D%W2 
(E~(HD~),--HDDS(E~~(HD~)(DDC) -HDDC) = [Cu(HDz),][HDDC]2 

K 
= 

Cu(DDC), _ 

K 
- %(HDz),-HDDC. (6) 

Cu(HDz), 

The formation of a mixed chelate can be investigated by measuring the spectrum 
of the mixture of diethyldithiocarbamate and dithizonate of the same metal. For 
example, in the case of copper the formation of a mixed chelate Cu(HDz)(DDC) 
occurs according to the reaction 

Cu(DDC), + Cu(HDz), = 2Cu(HDz)(DDC) 

with equilibrium constant 

(7) 

E 
[CU(HDZWWI~ J%~(HD~)~--HDDc 

Cu(DDC),-Cu(HDz), = 
P(DDChI [WHW~I = J%HDNI)DC)-HDDC ' 

09 

Znfruence of organic solvent 

The extraction constant 
follows2 

of a metal chelate MAN can in general be expressed as 

K 
PMA,&~A,KHA~ 

MA, = P N 
(9) 

HA 

where PMAN and pna are the distribution coefficients of metal chelate MAN and organic 
reagent HA respectively, &AN is the overall stability constant of chelate MAN 
and K=A is the dissociation constant of the reagent HA. According to equation (1) 
the exchange constant is given by 

log E~(~~z)N-~~~~ = l%Ktd(,~c), - l"@M(aDz,, 

=logpMdcDDC~, - l"gpM(EIDz,N + l"i?&%(DDCXN 

- 
l“i&mDz,N + N1ogK,~,, - N@&,Dz -tNlogPHpm 

- NlogP,DD,. (10) 
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When the organic solvent immiscible with water is changed, the stability constant 
of the metal chelate and the dissociation constant of the organic reagent remain 
constant. For this reason the ratio of exchange constants (E, I?*) in two different 
solvents is given by 

P 
l“g ~M~D~~~---HDDC - log Gf(HDs),--HDDC = log 

WDDCh 

GCDDCI, 

PEDDC 
- Nlog 7 

‘HDDC 

_ logF(HD.‘~ 

M(HDGN 
(11) 

Because the ratio of the distribution coefficients of a metal chelate in two different 
solvents is approximately equal to the ratio of its solubilities S,,, and S&, in these 
solvents,2 i.e., 

PM(DDC)N _ S P 
Y(HDGN 

s 
MI(HJMN 

P' 

WDDC)N and 

- %(DDQN P’ 
X7 

WDDo)x M(HD& S hf(HDz)~ 
(12) 

it is possible to calculate the value of the exchange constant in various solvents if the 
solubility of metal chelate and the distribution coefficient of the corresponding organic 
reagent in these solvents are known. 

Reagents 
EXPERIMENTAL 

Unless otherwise stated, all reagents were of analytical grade. 
organic solvents (carbon tetrachloride, chloroform, benzene and chlorobenzene). Twice distilled, 

and after the second distillation stored not longer than one day. 
Dithizone (H,Dz). Purmed by solvent extraction in the usual way.‘,* 
Diethyldithiocarbamic acid (HDDC). Prepared as described in the previous paper.’ 
Metaldithizonates. Solutions of metal dithizonates in carbon tetrachloride, which do not contain 

any free dithizone, were prepared in substoichiometric conditions8 by using an excess of metal relative 
to dithizone. The concentration of metal dithizonate could be calculated either from the amount of 
dithizone originally used or from the known value of the molar absorptivity of the chelate.‘,’ In this 
way solutions of the dithizonates of thallium, cadmium, mercury, cobalt, nickel, palladium and 
bismuth were prepared. Dithizonates of copper, iron(I1) and mercury were obtained by extraction 
with an excess of dithizone; the unreacted dithizone was removed by shaking with dilute ammonia. 
In the case of iron(I1) the concentration could not be determined because of the ready decomposition 
of the chelate. 

Selenium(W) dithizonate was prepared by successive extraction with an excess of dithizone in 
carbon tetrachloride from selenium(W) solution in SM hydrochloric acid. The dithizone remaining 
was removed by shaking with dilute ammonia. Selenium(W) dithizonate in the organic extract was 
quantitatively transformed into diethyldithiocarbamate by addition of an excess of diethyldithiocar- 
bamic acid in carbon tetrachloride. The amount of dithizone liberated in this reaction was determined 
spectrophotometrically at 620 rnp. From the results obtained in two experiments, it is quite evi- 
dent that selenium is extracted from 5M hydrochloric acid as Se(HDz),; the ratio H,Dz:Se 
determined is between 3.9 and 42. 

Tellurium(W) is only partially extracted with dithizone. Because tellurium dithizonate is quickly 
destroyed by shaking with ammonia the composition of this chelate could not be determined.7 

Metal diethyIdithiocarbamates. Prepared similarly to the metal dithizonates. The concentration 
of metal diethyldithiocarbamate was determined spectrophotometrically at 436 rnp after conversion 
into copper diethyldithiocarbamate by treating with an excess of copper sulphate solution. Di- 
ethyldithiocarbamates of silver, mercury and palladium can be transformed into the copper chelate 
only in the presence of potassium iodide as masking agent. 

7 After submission of this paper for publication a work by K. Marhenke and E. B. Sandell 
(Anal. Chim. Acta, 1967,38,421) appeared in which formation of Te(HDz), was reported, but 
these authors used a maximum acid concentration of 1 N whereas we used 5N acid. 
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Solubility determination. Zinc dithizonate was precipitated by adding dithizone solution in dilute 
ammonia to a solution of zinc sulphate and sodium tartrate, filtered off, and dried in a desiccator over 
calcium chloride. A saturated solution of this chelate in carbon tetrachloride and the other organic 
solvents used was accurately diluted and its concentration determined spectrophotometrically. 
The solubility of zinc diethyldithiocarbamate in organic solvents was determined spectrophotometric- 
ally via copper diethyldithiocarbamate (see above). 

TABLE I.-Determination of equilibrium constant ECu~DDC~B_Cu(HDz~2. 

Log of original concentrations Log of equilibrium concentrations 
[Cu@DC),] [Cu(HDz),] [Cu@DC),] [Cu(HDz),] [Cu(HDz)(DDC)] Log Ecu~DDc)z-cu~nr’IDz)z 

-4.00 -5.10 -4.03 -5.82 -4.85 
-4GO -4.98 -4.04 -5.80 -4.80 
-4.00 -4.88 -4.05 -5.63 -4.68 
-4.00 -4.77 -4.05 -5.58 -4.61 
-4%.lO -4.72 -4.07 -5.48 -4.54 
-4XKl -4.68 -4.08 -5.34 -4.48 
-460 -4.98 -4.73 -5.42 -4.84 
-4.30 -4.98 -4,42 -5.52 -4.70 
-4.12 -4.98 -4.26 -5.55 -4.73 
-3.90 -4.98 -3.97 -5.53 -4.65 

0.15 
0.25 
0.32 
0.41 
0.47 
0.46 
0.47 
0.44 
0.35 
0.20 

Average = 0.36 i 0.05* 

* The error quoted is the standard error of the mean, 

Procedure 

The experimental work and calculations of exchange constants were generally done as described 
before,l but for the more complicated calculations a computer was used. In most systems studied 
the exchange reaction in the organic phase took place very rapidly, but the exchange reactions of 
cobalt and nickel chelates are very slow (some hours or days). 

Thallium 

RESULTS AND DISCUSSION 

To determine the exchange constant ETIHDa_HDDC known amounts of thallium(I) 
diethyldithiocarbamate in carbon tetrachloride were mixed with known amounts of 
dithizone in the same solvent. The equilibrium concentrations of thallium(I) di- 
thizonate and dithizone were determined by the mixed colour method. The equilibrium 
concentration of diethyldithiocarbamic acid is equal to the equilibrium concentration 
of thallium(I) dithizonate, and the equilibrium concentration of thallium(I) diethyl- 
dithiocarbamate is given by the difference between the original concentration of this 
species and the concentration of thallium(I) dithizonate f0rmed.l 

The mean value of the exchange constant log ETmDz_-HDDc calculated from 
equation (1) is 353 f O-05. The extraction constant 2,* of thallium(I) dithizonate is 

logs,,,,, = - 3.5, thus the extraction constant of thallium(I)diethyldithiocarbamate 
is log KTIDDC = 353 - 3.5 = O-03. The value of log KTIDDC determined by the 
solvent extraction method5 is -0.53. 

Copper 

The absorption spectrum of the mixture of copper dithizonate and copper diethyl- 
dithiocarbamate (Fig. 1, curve 3) substantially differs from the spectrum of copper 
diethyldithiocarbamate (curve 1) and copper dithizonate (curve 2), which can be 
explained by the formation of a mixed chelate Cu(HDz)(DDC). Because attempts to 
separate the mixed complex were unsuccessful the determination of the equilibrium 
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concentrations of all the species involved was carried out by computer from the spectra 
obtained. The mean value of log Ec,,~DDC~2_-Cu~HDz~, calculated from equation (8) is 
O-36 + O-05 (Table 1). 

From absorption spectra obtained during titration of copper dithizonate with 
diethyldithiocarbamic acid, it follows that the mixed chelate is formed first and is then 
further transformed into copper diethyldithiocarbamate [see equations (2) and (3)]. 
The equilibrium constant obtained, log ECu~DDC~,_Cu~HDz~, = 0.4 & O-1, is in very 
good agreement with the value above. The preclslon of the measurements did not 
allow determination of the equilibrium concentration of diethyldithiocarbamic acid 

Wavelength, m/z 

FIG. l.-Absorption spectra of copper diethyldithiocarbamate (lo-*M)--curve 1, 
copper dithizonate (10-6M)--curve 2, mixture of copper diethyldithiocarbamate 
(10-4M) and copper dithizonate (10-6M)-curve 3. (Curve 4-absorption spectrum of 

the mixture when mixed chelate is not formed.) 

and for this reason the reaction between copper diethyldithiocarbamate and dithizone 
was studied. The mean value of log E&~HDZ~o,DC~_-HDDC calculated from these 
experiments according to equation (5) is 2-l & O-1. The value of log E&HDzl,_-HDDC 
is 2-l + O-4 = 2.5 [see equation (S)]. 

The total exchange constant is log ECu~HDz~,_HDDC = 2-l + 2-5 = 4.6 [equation 
(6)]. The extraction constant of copper dithizonate2** is log Kcu~HDz~, = 9-5, so the 
extraction constant of copper diethyldithiocarbamate is log KCuIDDCJ, = 4-6 + 9.5 = 
14.1, which is in agreement with the value 13.7 determined by the solvent extraction 
method.6 Typical results are shown in Table I. 

Cadmium 

From the investigation of the exchange reactions between cadmium diethyl- 
dithiocarbamate and dithizone or cadmium dithizonate and diethyldithiocarbamic 
acid the equilibrium constant log F 4CdtHDzl,_-HDDC = 3.53 was determined. The extrac- 
tion constant of cadmium diethyldithiocarbamate, log KCdtDDC!, = 3.53 + I.6 = 5.13 
(sincea** log KcdtaDxJ, = l-6), agrees with the value 5.41 determmed by solvent extrac- 
tion.6 
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Mercury 

The exchange constant for mercury, log EHgtHDzj,_-HDDC = 2.31 & 0.05 was deter- 
mined in a similar manner to that for cadmium. The extraction constant of mercury 
diethyldithiocarbamate, log Knso,,,c~, = 2*31+ 26.79 = 29.1 (log Kng(HDz.td = 26.79): 
is very high. The solvent extraction values of log Kngo,DC~a are even higher (31.9-32.3). 

Lead 

When lead dithizonate is mixed with lead diethyldithiocarbamate, formation of 
a mixed chelate occurs only to a small extent. The exchange constant was determined 

as log EPb(HDz),-EDDC = 4.98 & O-05, from which the extraction constant 

log %‘b(DDC), = 4.98 + 0.76 = 5.74 was obtained (log &,[nnZJ, = 0.76).2,4 The 
value of the extraction constant, log &b(nnc), = 7.77, determined by the solvent 
extraction method,6 is substantially higher. 

Iron 

When iron(I1) dithizonate was mixed with iron(I1) diethyldithiocarbamate, for- 
mation of a mixed complex was observed. Because the dithizonate of iron(I1) is 
rather unstable it was not possible to determine the corresponding exchange constants. 

Cobalt(Zl) 

Cobalt(I1) dithizonate reacts with diethyldithiocarbamic acid very slowly. Only a 
great excess of reagent converts dithizonate completely into diethyldithiocarbamate. 
Cobalt diethyldithiocarbamate does not react with dithizone or the dithizonates of 
lead, zinc, etc. Cobalt(I1) diethyldithiocarbamate appears to be oxidized in the organic 
phase to the very stable cobalt(II1) chelate. 

Nickel 

From the absorption spectrum of a mixture of nickel dithizonate and nickel 
diethyldithiocarbamate it is evident that a mixed chelate Ni(HDz)(DDC) is formed. 
Because this chelate is thermodynamically rather stable and kinetically inert [the rate 
of reaching equilibrium is very slow (lo-48 hr)] it was not possible to determine the 
exchange constant. 

Palladium 

From the absorption spectra of a mixture of palladium dithizonate and diethyl- 
dithiocarbamic acid or palladium diethyldithiocarbamate and dithizone the equilib- 
rium concentrations of all species involved were determined by computer from their 
molar absorptivities. The exchange constant log Epd(HDz)n_-HDDo calculated is 1.6 j, 
0.2. Because the extraction constant of palladium dithizonate is higher than that of 
mercury dithizonate it can be expected that log KPdu,nCjB > 29. 

Indium 

From the value of the exchange constant log EIn(EDz),_-HDDa = 4.75 & 0.10, the 
extraction constant log &,(nn,& = 4.75 + 484 = 9.59 was calculated (log Krnotnzj, 
= 4.84).4 
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Antimony 

From the analysis of absorption spectra of a mixture of antimony(II1) diethyl- 
dithiocarbamate and dithizone it was concluded that a mixed chelate Sb(HDz)(DDC)s 
is formed (it is interesting to note that in similar conditions arsenic1 forms a chelate 
AsDzDDC). The absorbance maximum of this chelate appears to be at 430 m,u, 
with molar absorptivity about 23 x 103. 

The value of the exchange constant 

log ‘%b(DDC),--H,Dz = [Sb(HDz)(DDC),] [HDDCJ/[Sb(DDC),] [HsDz] 

is -2.47 f 0*07 (Table II). This value was verified by investigation of the exchange 
reaction 

2Sb(DDC), + Cd(HDz)2 = 2Sb(HDz)(DDC), + Cd(DDC),. 

The equilibrium constant of this reaction, log &b(nnc),__cd(nnZ), = -0.91 f 0.10, so 

log ‘%b(DDC),-H,Dz = itlog ‘%b(DDC),-Cd(HDz), - log ECdtHDz)2-HDDC) = i(-“‘gl - 

3.53) = -2.22. 

Bismuth 

From the value of the exchange constant log Eni(nnz),_nnno = 5.72 f O-08, 
the extraction constant of bismuth diethyldithiocarbamate, log Kni(nnc), = 5.72 + 
10.76 = 16.48, was determined (log Kni(nnz), = 10*76).a*4 This value agrees with 
the value 16.79 determined by the solvent extraction method.s 

Selenium 

The extraction constant of selenium(N) diethyldithiocarbamate is much higher 
than that of selenium(N) dithizonate and for this reason the investigation of the 
reaction between selenium(W) diethyldithiocarbamate and dithizone [or between 
selenium(IV) dithizonate and diethyldithiocarbamic acid] did not give reproducible 
results. However, from the equilibrium constant, log ,!&(nhZ)~__Cd(nnZ) = -0.78 f 
0.10, of the exchange reaction 

P 

Se(HDz), + 2Cd(DDC), = Se(DDC), + 2Cd(HDz), 

it is possible to Cahkite the Vahe log ES~(HD~),_HDDC = 2 log flCd(HDz),_HDDO f 

log ‘%e(HDz),-CdtHDz), = 2 x 3.53 - 0.78 = 6.27. 
The result obtained was verified by investigation of the reaction 

Se(HDz), + 2As(DDC), = 2AsDzDDC + Se(DDC), + 2HsDz 

The equilibrium constant of this reaction is log Ese(nnz),__ds(nnc), = -9.2 f O-2 
from which log Ese(unz),-nnnc = 
2 x 7.93 

2 log ‘%DDC),-H,Dz + log ‘%e(HDz.,-&(DDC), = 

- 9.2 = 6.67. The composition of Se(HDz), was established from the 
dithizone consumed in formation of the complex (16.2 and 16.8 pmole for 4-O pm& 
of selenium) and the amount liberated (15.6 and 17.0 pmole per 4-O pmole of selenium) 
in a reversion reaction. 

Tellurium 

The exchange constant log E~(HD~),__HDDC ~5.5 was determined in a similar 
manner as the analogous constant for tellurium, assuming that Te(HDz), was the 
species concerned. 
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Influence of organic solvents 

To investigate the influence of organic solvents on the exchange constant the 
reaction between zinc diethyldithiocarbamate and dithizone in various solvents was 
investigated. For carbon tetrachloride, chloroform, beznene and chlorobenzene the 

values Of log EZn(HDz),--HDDC obtained were O-24 f O-03, 1.10 & 0.05, 0.30 & 0.05 
and -0.36 + O-10 respectively. 

From known values of the distribution coefficient of diethyldithiocarbamic 
acid2zs (PHDDC = 2350 and 240 for chloroform and carbon tetrachloride respectively) 
and dithizone2s7 (PHsDz = 6 x lo5 and l-5 x 104 for chloroform and carbon tetra- 
chloride respectively) and from the solubility of zinc diethyldithiocarbamate 

(&l(DDC)* = 0.39M in chloroform and 0*0405M in carbon tetrachloride) and zinc 
dithizonate (Szn(nDzj, = 0*061M in chloroform and 0*0072M in carbon tetrachloride) 
determined in the present work, it is possible to determine the difference [see equations 
(11) and (12)]: 

Because of the low precision in determination of the PHzDz values the experi- 
mentally determined difference (O-86) can be considered to be m agreement with that 
calculated theoretically. 

CONCLUSION 

The values of the equilibrium constants of exchange reactions in carbon tetra- 
chloride investigated are summarized in Table III. In the case of copper, iron( 
nickel, arsenic(II1) and antimony(II1) the formation of mixed chelates was observed. 
The extraction constants of metal diethyldithiocarbamates, calculated from exchange 

TABLE III.-Equilibrium constants of exchange reactions, E, and extraction constants . . 
of metal dlthlzonates, KMumzjN, and of diethyldithiocarbamates, KMcDDojN 

- 
Reaction log E* log &mDz~N log fhlDDC1~ 

AgHDz + HDDC = AgDDC + H,Dz 2.58 & 0.031 8.94% 11.52 (11.90)6 

TlHDz + HDDC = TlDDC + H,Dz 3.53 * 0.05 -3.58 0.03 (-0.53)s 

Cu(HDz), + HDDC = Cu(HDz)@DC) + H,Dz 2.5 f 0.1 

Cu(HDz)(DDC) + HDDC = Cu@DC), + H,Dz 2.1 f 0.1 

Cu(HDz), + ZHDDC = Cu@DC), + 2H,Dz 4.6 3 0.2 9.52 14.1 (13.7)s 

Cu(HDz), + 2Cu@DC), = 2Cu(HDz)@DC) 0.35 f 0.05 

Zn(HDz), + ZHDDC = Zn(DDC), + 2H,Dz 0.24 & 0.031 2.3% 2.54 (2.96)5 

Cd(HDz), + ZHDDC = Cd@DC), + 2H,Dz 3.53 f 0.05 1.6% 5.13 (5.41)” 

Hg(HDz), + ZHDDC = Hg(DDC), f 2H,Dz 2.31 f 0.05 26.79= 29.1 (31.9)” 

Pb(HD& + ZHDDC = Pb@DC), + 2H,Dz 4.98 & 0.05 0.768 5.74 (7.77)” 

Pd(HDz), + 2HDDC = Pd@DC), + 2H,Dz 1.6 f 0.2 >27a >29 

In(HDz), -t 3HDDC = In@DC)s + 3H,Dz 4.75 + 0.10 4.84a 9.59 (10.34)s 

As(DDC), + H,Dz = AsDzDDC + 2HDDC -7.93 f 0.06 

Sb(DDC), + H,Dz = Sb(HDz)(DDC) + HDDC -2.47 f 0.07 

BKDDC), -t 3HzDz = Bi@DC), + 3HDDC 5,72 f 0.08 1O.768 16.48 (16*79)5 

Se(HDz), + 4HDDC = Se@DC), + 4H,Dz ~6.5 

Te(HDz), -t 4HDDC = Te@DC), + 4H,Dz -5.5 

* The errors quoted are the standard errors of the means. 



514 J. STAR+ and J. RI%ICKA 

constants, are in general in the agreement with the values determined by the solvent 
extraction method. 

It was shown that by the change of the organic solvent the exchange constant 
changes, in dependence on the distribution coefficients of metal chelate and organic 
reagent used. 

Acknowledgement-The authors wish to express their thanks to Ing. P. Vanlkk, Ing. J. By&i&$ and 
to Mrs. Z. Knoblochova for calculating the exchange constants on computer Ural 2. 

Zusanunenfassung_Dithizonate und Dilthyldithiocarbamate von Ag, 
Tl(I), Cu(II), Zn, Cd, Hg(II), Pb, Fe(II), Co(II), Ni, Pd(II), In(III), 
As(III), Sb(III), Bi, Se(IV) und Te(IV) wurden dargestellt und ihre 
Reaktionen in Tetrachlorkohlenstoff spektrophotometrisch untersucht. 
Aus den gemessenen Austauschkonstanten wurden die Extraktions- 
konstanten der Metall-Diiithyklithiocarbamate berechnet. Fiir die 
Falle, in denen Bildung gemischter Chelate beobachtet wurde, wurden 
entsprechende Austauschkonstanten bestimmt. Endlich wurde der 
Ein&u3 organischer Liisungsmittel (Ccl.,, CHC&, CeHs und C,H,CI) 
auf die Austauschreaktion zwischen Zinkdilthvldithiocarbamat und 
Dithizon untersucht. 

, 

R&n&-On a prepare les dithizonates et les diethyldithiocarbamates 
de Ag, Tl(I), Cu(II), Zn, Cd, Hg(II), Pb, Fe(II), Co(H), Ni, Pd(II), 
In(III), As(III), Sb(III), Bi, Se(IV) et Te(IV) et l’on a 6tudi6 spcctro- 
photometriquement leurs reactions en tetrachlorure de carbone. Des 
constantes d&change d&em&&, on a calcule les constantes d’ex- 
traction des diethyldithiocarbamates metalliques. Lorsqu’on a 
observe la formation de chelates mixtes, on a determine les constantes 
d&change correspondantes. Finalement, on a Btudie l’influence de 
solvants organiques (CC&, CHC&, C,HB et CBH,CI) sur la reaction 
d’echange du diethyldithiocarbamate de zinc avec la dithizone. 
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Surmnar~--Cellulose phosphate is used as a chelating ion-exchanger 
to effect the separation of several metal ions. Its exchange rate is much 
more rapid than that of achelating ion-exchanger containing phosphonic 
acid groups on a polystyrene matrix. Weight distribution coefficients 
as a function of hydrogen ion concentration on cellulose phosphate 
are given for several metal ions. Successful separations of rare earths 
and alkaline earths, alkaline earths and alkali metals and aluminium 
and alkaline earths have been achieved on cellulose phosphate columns. 

THE success of bis(2-ethylhexyl)orthophosphoric acid and related compounds for 
analytical separations of metal ions suggests the possibility of using columns packed 
with resinous materials containing a chemically bonded phosphoric acid group for 
separations. Such a material should be more rugged and easier to work with than is 
the case when a complexing ligand is merely sorbed onto a solid support. Phenol- 
formaldehyde copolymers have been prepared in which arsenious acid, phosphonic 
acid or phosphoric acid groups have been incorp0rated.l Phosphate and phosphonate 
groups have also been placed on other organic matrices.2-7 These resins tend to have a 
high selectivity for those metals which form phosphate complexes. Some column 
separations have been carried out with these resins.s-10 

Cellulose phosphate is another polymeric material that contains an acidic phos- 
phate group which might be expected to complex metal ions selectively. Although 
this material has been used rather extensively for biochemical separations, very little 
has been published regarding its possible use as a chelating ion-exchanger for separa- 
tion of metal ions. Head et al. have published a paper on the general properties of this 
exchanger.ll Cellulose phosphate has been used in paper chromatographic systems,12-14 
as well as in column separations of uranium from other metals,lS*le iron(II1) from 
copper(I1) and nickel(II),14 caesium(1) from strontium(II)l’ and the recovery of 
thorium from monazite ores.ls 

In the present research, cellulose phosphate is shown to have definite advantages 
over a synthetic polymeric phosphonic acid for the separation of metal ions. By use 
of eluents containing dilute hydrochloric acid, quantitative column separations of 
rare earths or aluminium from alkaline earths and of alkaline earths from alkali 
metal ions may be accomplished. 

EXPERIMENTAL 
Reagents 

Chelating ion-exchangers. Whatman cellulose phosphate, P 11, purchased from H. Reeve Angel 
and Co. Inc., Clifton, N.J., was prepared according to thedirections for precyclinggiven in Whatman’s 

* Present address: Babcock and Wilcox, Lynchburg, Virginia. 
t Work was performed in the Ames Laboratory of the U.S. Atomic Energy Commission. Con- 

tribution No. 2161. 
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technical bulletin C5.‘@ Larger amounts of exchanger could be prepared in this way, and kept for 
several days without any appreciable hydrolysis by removing the supernatant 0*5M hydrochloric acid, 
washing the exchanger several times with demineralized water and then keeping it in the demineralized 
water until ready for use. 

Bio-Rex 63, which has phosphonic acid groups on a polystyrene matrix, was obtained in 100-200 
mesh size in the sodium form from the Bio-Rad Laboratories, Richmond, California. The resin was 
back-washed in a column to remove all fines, and then enough lit4 hydrochloric acid was passed 
through it to convert it into the hydrogen form. The resin was then washed with demineralized water 
and allowed to dry in air. It was used in this form for all experiments. 

Metal ion sofutions. The metal ion solutions were prepared from reagent grade nitrate or chloride 
salts, except in the case of rare earth solutions which were prepared from the oxides. They were 
dissolved in water with sufficient acid present to insure complete dissolution and to prevent hydrolysis. 

EDTA. The 0*05M and O.OlM EDTA solutions were prepared from reagent grade disodium salt 
and were standardized with standard zinc(I1) solution, Naphthyl Azoxine S(NAS) being used as the 
indicator.a0 

Apparatus 

Columns. Conventional 1 x 15 cm, coarse frit chromatographic columns with teflon stop-cocks 
were used for all separations. The tips of the columns were cut off just below the stop-cock in order to 
eliminate tip hold-up volume. The flow-rate of the eluents in all separations was regulated with 
compressed air. A one-hole rubber stopper with a short piece of glass tubing through it was inserted 
at the top of the column. This tubing was connected to a compressed-air line through a Johnson 
regulator. 

Scintillation counfer. A Nuclear-Chicago single channel analyser, model No. 27352, with a six 
decade electronic scaler and a 3 x 3 in. sodium iodide, thallium-activated, crystal was used to isolate 
and count the gamma emission of the radioactive ions. 

Atomic absorption spectrophotometer. A Perk&Elmer atomic absorption spectrophotometer, 
model No. 303, was used to analyse for lithium, potassium and rubidium. 

Methods of analysis. Calcium(H). Any hydrolysed phosphate from the cellulose phosphate was re- 
moved by passing the solution containing the calcium through a 1 x 5.7 cm column containing 100-200 
mesh, cation-exchange resin (Dowex 50 x 8) at a flow-rate of 2-3 ml/min. The column was washed 
with 50 ml of water to ensure all the phosphate had been removed and then the calcium was stripped 
with 25 ml of 4M nitric acid. The calcium was determined by spectrophotometric titration at 
572 m,u with O.OlM EDTA, with Metalphthalein as the indicator.a1 

Magnesium(Zl), strontium(ZZ), aluminium(III), cobalt(ZZ), nickel(ZZ) and the rare earths. These 
ions were determined by standard EDTA titration methods. 

Lithium(Z), potassium(Z) and rubidium(Z). These three alkali metals were determined by atomic 
absorption spectrophotometry 

Other elements. All other elements were determined by counting their gamma emissions with a 
scintillation counter. 

Determination of weight distribution coeflcients 

Approximately equal amounts of the wet precycled cellulose phosphate (1 i 0.3 g) were combined 
with 20 ml of a known concentration of hydrochloric acid solution and a known amount of metal ion. 
This mixture was shaken for at least 30 min and then filtered. The filtrate was analysed for metal ion 
content and acidity. The weight of the cellulose phosphate was determined by drying at 95-100’ 
until constant weight was obtained. From these data, the weight distribution coefficients were 
determined. It was decided that it would be easier and safer in the case of the radioactive trace samples, 
to weigh a known amount of air-dried cellulose phosphate and to convert it to its dried weight by 
applying the moisture factor of 6.8%. It was assumed that since trace amounts of metal ion were 
being used (less than 0.1% of nominal capacity), the absence of precycling would have no effect on the 
weight distribution coefficients. 

The weight distribution coefficients as a function of hydrochloric acid concentration for lantha- 
num(III) on Bio-Rex 63 were determined according to standard ion-exchange procedures. 

Column packing 

Enough precycled cellulose phosphate for four columns was slurried in the eluant to be used in the 
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separation. The slurry was added to the columns and packed under 5 psi air-pressure. A glass-wool 
plug was placed on top of the exchanger to prevent it from floating during the elution. 

Separation procedure 

The samples were placed on the cohunn by means of a pipette or were quantitatively transferred 
from a lo-ml beaker. The sample volumes varied between 1 and 8 ml. After the samples were placed 
on the column, elution was carried out under an air-pressure of 2 or 3 psi in order to obtain flow-rates 
of 04-l-5 ml/min. After the first metal ion was completely off the column, the eluent was changed and 
the next metal ion was eluted from the column. If after the last element was eluted, the column was 
immediately washed with the less acidic eluent, it could be used again without any noticeable deterior- 
ation of the column. 

RESULTS AND DISCUSSION 

Selection of the exchanger 

The two ion-exchangers investigated were the commercially available Bio-Rex 63, 
containing phosphonate groups on a polystyrene matrix, and Whatman Pl 1 cellulose 
phosphate. These exchangers were compared first by weight distribution coefficients 
(Dw) as a function of hydrogen ion concentration for lanthanum(III), and second, by 
the rate at which they attained equilibrium with lanthanum(II1) in a 0544 hydrochloric 
acid solution. In the kinetics experiment, weight distribution coefficients (Dw)t were 
determined at timed intervals and compared with the weight distribution coefficient 
at equilibrium (D,),, The results are shown in Fig. 1. The results for the weight 

0 BioRex 63 

A Cellulose phosphate 

I , 8 I I I I 
0 20 40 60 60 I00 120 140 160 160 

Time, min 

FIG. I.-Comparison of the rate at which Bio-Rex 63 and cellulose phosphate attain 
equilibrium for lanthanum(II1) from hydrochloric acid solution. 

distribution coefficients (&) as a function of hydrogen ion concentration are shown 
in Fig. 2. These results show that the kinetics of the cellulose phosphate exchange are 
much faster and that lanthanum has higher weight distribution coefficients on it. 
It was also found that Bio-Rex 63 undergoes large volume changes with small changes 
in acidity, which was not found with the cellulose phosphate. For these reasons, 
cellulose phosphate was chosen for all subsequent experiments. 

Effect of loading 

Loading is an important factor in all ion-exchange separations because the weight 
distribution coefficient depends directly on the extent of loading. The nominal capa- 
city of cellulose phosphate, including the weakly and strongly acidic hydrogen atoms, 

3 
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is 7-4 meq/g. In order to lind the range of loading that could be tolerated, the weight 
distribution coefficients in 0.5M hydrochloric acid were determined at various degrees 
of loading. The results are shown in Fig. 3. The weight distribution coefficient at trace 
loading is shown as (D,)t. From the results, it can be seen that the maximum weight 
distribution coefficient occurs at a loading capacity of less than 2.0% of nominal 
capacity. In all subsequent investigations, the loading was kept below this value when 
at all possible. 

500- 

300- 

200- 

IOO- 

50- 

0% JO- 

20- 

IO- 

50 
t 0 BloRex63 

30- 
A Cellulose phosphate 

20- 
\ 

FIG. 2.-Comparison of weight distribution coefficients as a function of hydrochloric 
acid concentration for lanthanum(II1) on Bio-Rex 63 and cellulose phosphate. 

,c 
d 
\ 
d 

% of nominal capacity 

FIG. 3,Effect of loading on the weight distribution coefficient on cellulose phosphate 
of lanthanum(II1) from hydrochloric acid solution. 

Weight distribution coeficients 

The weight distribution coefficients as a function of hydrogen ion concentration 
for several metal ions on cellulose phosphate are shown in Figs. 4 and 5. In addition 
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FIG. I.-Weight distribution coefficients as a function of hydrochloric acid concentra- 

tion on cellulose phosphate. 

to the elements shown, it was found that erbium has almost the same weight distribu- 
tion coefficients as ytterbium, magnesium has approximately the same as strontium, 
and the curves for potassium and rubidium lie between those shown for a caesium 
and lithium. From these results, it can be seen that the behaviour of the four repre- 
sentative rare earths, the alkaline earths, and the alkali metals is nearly identical in 
each respective group, but there are great differences among the groups as a whole. 
The variation in slopes within each group is probably due to failure to maintain 
constant ionic strength. 

The weight distribution coefficients for the rare earths and aluminium are extra- 
ordinarily high for an intermediate acidic ion-exchanger, even in quite high acidity. 
This phenomenon may very well be explained by the fact that they form strong phos- 
phate complexes. Head et al. also found this to be true for other ions, such as uran- 
ium(W), iron(III), and thorium(N), which also form strong phosphate complexes.ll 
The alkaline earths, alkali metals, nickel, cobalt and chromium, however, seem to 
possess weight distribution coefficients of the magnitude that would be expected for 
ordinary ion-exchangers of intermediate acidic strength. 

A plot of the logarithm of the weight distribution coefficient (DW) against the loga- 
rithm of the hydrogen ion activity should give a negative slope (n) equal to the number 
of hydrogen ions replaced from the ion-exchanger. Constant ionic strength was 
maintained by addition of lithium chloride to the hydrochloric acid solutions. The 
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FIG. L-Weight distribution coefficients as a function of hydrochloric acid concentration 
on cellulose phosphate for nickel(II), cobalt(U), chromium(III), and aluminium(II1). 

solutions were kept at 1.5M total chloride for barium-133 and strontium-85 and 2.OM 
for em-opium-1 52- 154. The metals were in trace amounts and the cellulose phosphate 
was in large excess in order to keep the activity constant. The results are straight-line 
plots and show that the number of hydrogen ions replaced in the case of barium and 
strontium is l-03 & O-01, and for europium is l-34. Head et al. found also that for 
thorium(W) less than the equivalent number of hydrogen ions was displaced.ll In 
an analogous system of Kel-F impregnated with bis(2-ethylhexyl)orthophosphoric 
acid, Lieser and Berhard obtained an n of 1-O f 0.1 for calcium(I1) and strontium(II).2a 
Cerrai and Ghersini also found that the number of hydrogen ions replaced in a paper 
chromatographic system employing bis(2-ethylhexyl)orthophosphoric acid was less 
than the charge on the ion for many elements. 23 Although these results indicate the 
possibility of mixed complexes on cellulose phosphate, the exact nature of these com- 
plexes cannot be determined without more experimental evidence. 

Separations 

The actual behaviour of the cellulose phosphate column was compared with that 
which would be predicted from plate theory for the elution of trace amounts of barium- 
133 with 0.5M hydrochloric acid. The effective HETP was calculated from the column 
length and the relationship N = 8(VR//?)2, where N is the number of theoretical 
plates, Vn is the retention volume, and j3 is the width of the elution curve (in ml) at 
the concentration c = cmax/e = 0~368c,,~. In this case, the effective HETP was 
found to be 3.6 mm. The volume distribution coefficient (&) was calculated from 
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the relationship V&Y’ = Dv + E, where X’is the column volume corrected for sample 
volume and E is the void fraction. Dv was found to be 2.66. The Dv was then cal- 
culated from the relationship Dv = DwQE, where Q, is the column density, and the 
value found was 2.61. Since the column was packed the same for all separations, 
the column density was assumed to remain relatively constant. Therefore, approxi- 
mate volume distribution coefficients could be determined from weight distribution 
coefficients using the relationship described above. Using these values and the 
values for the separation factors, appropriate conditions for metal ion separations 
were chosen. 

60,000 
r 3_M HCI-3M NH,CI 1 

E”!%154 

illli, 
Eluote, ml 

FIG. 6.-El&ion curve for strontium(I1) and europium(III) from a cellulose phosphate 
column. Column: 1 x 7.0 cm; flow-rate: 1.2 * 0.2 ml/min; sample volume: 2.0 ml; 

strontium(I1): 1.7 x 1O-4 pmole; europium(II1): 6.3 x 1O-a pmole. 

Successful separations of rare earths from alkaline earths were carried out. The 
alkaline earth was eluted with 0.5M hydrochloric acid and the rare earth was stripped 
with either 3M hydrochloric acid-3M ammonium chloride solution or 7M hydro- 
chloric acid. It was decided that the 3M hydrochloric acid-3M ammonium chloride 
solution was the best eluent because it removes the metal as efficiently as 7M hydro- 
chloric acid but without causing as much hydrolysis. A typical elution curve is shown 
in Fig. 6. 

Separations of caesium(I) and strontium(II) with 0.1M hydrochloric acid as the 
eluent were also carried out. An elution curve for one of the separations is shown in 
Fig. 7. A quantitative separation of europium(III), strontium(H) and caesium(1) 
was performed using 0.1M hydrochloric acid to elute the caesium(1) and strontium(I1) 
followed by 3M hydrochloric acid-3M ammonium chloride solution to elute the 
europium(II1). A separation of aluminium(II1) from strontium(I1) was achieved by 
using 0*05M hydrochloric acid to elute the strontium(II), followed by 4M hydrochloric 
acid to elute the aluminium(II1). 

Because aluminium and magnesium commonly occur in several alloys, a synthetic 
mixture of the two was prepared by dissolving the pure metals in hydrochloric acid. 
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72.0001 , , I I , , I I , , , , , , 

Eluate, ml 

Fxa. ‘I.-Elution curve for caesium(1) and strontium(E) from a cellulose phosphate 
column with O.lM hydrochloric acid as the eluent. Column: 1 x 7.6 cm.; flow-rate: 
l-2 f 0.2 ml/min; sample volume: 2.0 ml; caesium(1): 2.7 pmole; strontium(I1): 

1.7 X 10-4pmole. 

TABLE I.-RIZWJ..rs OF THE SEPARATIONS OF RARE EARTHS, ALUMINIUM, ALKALINE 
EARTHS, AND ALKALI METALS ON l-CM I.D. CELLULOSE PHOSPHATE COLUMNS 

Sample Metal-ion 
Taken, 
pmole 

Column 
Recovery, 

% 
length, Eluate, 

cm ml 

La-Ca 

La-raSBa 

lEV*-16rEU_86Sr 

14*-144~u_B6Sr 

142-144~u_86Sr 

1a4Cs.-8YSr 

1r4Cs-86Sr 

144-144~u_*4Sr_l*4~s 

Al-YIr 

Al-Mg 

La(III) 
CaUI) 
La(II1) 
lssBa(II) 
1s8-x64E~(III) 
Y.Ir(II) 
1sr-1s4Eu(III) 
Vr(II) 
16*-164Eu(III) 
*YIr(II) 
lWS(I) 
85Sr(II) 
l*rCS(I) 
YSr 
144-144&(IU) 

YIr (II) 
lWs(I) 
AVIE) 
*Yir(II) 
Al(III) 
Mg(IT) 

214.8 
105.8 
100.9 

1.9 x 10-t 
63 x 10-S 
l-7 x 10-a 

91.4 
l-7 x 10-d 
63 x 10-e 

1239 
27 

1.7 x lo-’ 
2.7 

1017 
21 

l-7 x lo-’ 
100.9 
99.3 

129.3 
111.8 
98.6 

loo.0 
100.0 
99.1 
98.8 
96.2 
99.8 
99.3 
99.5 
98.4 

100.7 
100.8 
100.6 
1005 
100.8 
100.3 
100.8 
100.3 
99.9 

100.6 
100~1 
loo*0 

146 65 
55 

11.2 6.5 
50 

7.0 66 
42 

7.0 33 

7.2 :z 
36 

76 30 
75 

10.2 27 

;; 
13.6 99 

45 
13 

:z 
14 150 

45 
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Then aliquots of this sample were separated by using 05M hydrochloric acid to elute 
the magnesium(II), followed by 4M hydrochloric acid to elute the aluminium(II1). 
The results for this separation and those previously discussed are shown in Table I. 

It was felt that the cellulose phosphate system could be combined with other 
separation systems. In order to demonstrate this point, two synthetic samples, one 
containing uranium, erbium and magnesium, and the other containing uranium, 
aluminium and nickel, were prepared from the pure metals. In both samples, the 
uranium was separated from the other elements on a 1 x 15 cm, SO-100 mesh silica 
gel column in a 6M acid-isobutylmethyl ketone system and the other elements were 
stripped from the column with demineralized water.% In the first sample, the eluate 
contained the magnesium and erbium. It was diluted with water until its acidity was 
1M (approximately 40 ml). This solution was then passed through a 1 x 14 cm 
cellulose phosphate column, and to ensure complete removal of the magnesium(I1) 
the column was subsequently washed with 25 ml of 1M hydrochloric acid. The 
erbium(II1) was stripped with 100 ml of 3M hydrochloric acid-3M ammonium chlor- 
ide solution. In the second sample, the eluate containing the aluminium and nickel was 
adjusted to 0.5M in acidity by adding a few drops of ammonium hydroxide and dilut- 
ing the sample to about 40 ml. This solution was passed through a 1 x 14.2 cm 
cellulose phosphate column and subsequently washed with 35 ml of 0.5M hydrochloric 
acid to ensure complete removal of all the nickel(I1). The aluminium(II1) was removed 
with 100 ml of 4M hydrochloric acid. The average results of four separations for 
each sample are given in Table II. 

TABLE II.-&XJL.TS OF SEPARATIONS OF SAMPLES, BOTH SILICA GEL AND 
CELLULOSE PHOSPHATE COLUMNS BEING USED 

Sample 

U-Er-Mg 

U-AI-Ni 

Metal 
ion 

U(W 
ErO 
Mg(II) 

Z$) 
Ni(IIl 

Taken, Found, 
pmole pmole 

305.2 306.1 
99.6 99.4 

102.7 103.2 

406.8 407.3 
212.8 2122 

86.8 86.8 

Difference, 
,umoIe 

40.5 
-0.2 
+0*5 

$0.5 
-0.6 

0.0 

Zusammenfassung--Cellulose phosphat wird als chelatbildender Ionen- 
austauscher zur Trennung mehrerer Metallionen verwendet. Sein- 
Austauschgeschwindigkeit ist vie1 griiser als die eines chelatbildenend 
Ionenaustauschers mit Phosphonsauregruppen an einem Polystyrolge- 
rust. Ftir mehrere Metallionen werden Gewichtsverteilungskoefhzien- 
ten an Cellulosephosphat in Abhiingigkeit von der Wasserstoffizien- 
konzentration angegeben. Auf Cellulosephosphatsaulen gelangen 
Tremmngen von seltenen Erden und Erdalkalien, Erdalkalien und 
Alkalimetallen sowie von Aluminium und Erdalkalien. 

R6snm&-Gn utilise le phosphate de cellulose comme echangeur d’ions 
chelatant pour effectuer la separation de differents ions metalliques. 
Sa vitesse d’echange est beaucoup plus rapide que celle d’un Changeur 
d’ions chelatant contenant des groupements acide phosphonique sur 
un squelette polystyrene. On donne les coefficients de distribution en 
pods en fonction de la concentration en ion hydrogbe pour diff&ents 
ions mktalliques sur phosphate de cellulose. On a r6alis6 avec suc&, 
sur des colonnes de phosphate de cellulose, des sbparations de terres 
rares et d’alcalino-terreux, d’alcalino-terreux et de mttaux alcalins 
et d’aluminium et d’alcalino-terreux. 
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SPECTROPHOTOMETRIC STUDY OF THE REACTION 
OF IRON(II1) WITH METHYLTHYMOL BLUE 
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Summary-The reaction between iron(III) and Methylthymol Blue 
(MTB or H,A) has been investigated by spectrophotometry. It has 
been established that iron(III) and MTB form two complexes with 
compositions iron(W): MTB = 1:l and 1:2. The I:1 complex is 
stable in acidic medium containing excess of iron, and the 1: 2 complex 
is stable in slightly acidic or alkaline media containing excess of MTB. 
The absorption maxima are at 610 rnp (1: 1) and 515 m,u (1:2), the 
molar absorptivities being 1.73 rt 0.01 x 104 and 3.21 f 0.05 x IO* 
respectively. The nature of the two complexes at pH 6 and the stability 
constants have been determined: log /Ix1 = 2056 f 0.07, log &, = 
43.29 * 0.09, log pIa = 6.66 f 0.05. 

METHYLTHYMOL BLUE, 3,3’-bis[N,N-bi(carboxymethyl)aminomethyl]thymosulpho- 
phthalein, (MTB or H,A), was synthesized by Kijrbll and has been applied as a 
complexometric indicator for the determination of a number of metal ions.a MTB 
is also used as a reagent for the photometric determination of zirconium,s*4 thorium,5*6 
iridium,’ lanthanum,7-Q yttrium,8*10 cerium,* indium,ll mercury,r* gallium,13 
magnesium,14 aluminium15 and hafnium.ls 

Iron(II1) also forms coloured complexes with MTB. This reaction and its analyt- 
ical application have been briefly discussed by Tihonovl’ and at greater length by 
Tonosaki,l* but this work, in our opinion, contains several errors, probably because 
the investigations were made in the presence of an excess of MTB and over a limited 
range of pH. 

We have studied this reaction in greater detail and can define more accurately the 
conditions for its spectrophotometric application. 

EXPERIMENTAL 

Reagents 

Methylthymol Blue. The Chemapol product was used; it contained 7.9 % water and 8.2% 
sodium; i.e., it was the trisodium salt. Aqueous solutions of MTB last only for 2-3 day.+ which 
makes it imperative to work with a freshly prepared solution. The water content was allowed for in 
preparing the solutions, which were standardized by spectrophotometric titration with iron 
at pH 4-5 and 610 rnp. 

Zron(ZZZ) nitrate solution. Prepared by dissolving the solid salt in water and standardized gravi- 
metrically. The 1.042 x lo-*M working solution was obtained by precise dilution. To avoid 
hydrolysis, the solution was acidified to pH 2-5 with nitric acid. 

Ionic strength. All investigations were carried out at a constant ionic strength of O*l , maintained 
by addition of the required amount of 1 M sodium perchlorate solution, 

Buffers. The pH was controlled with @l and 1M perchloric acid, acetate buffer solutions of pH 
36-5.8, 20 % hexamine solution and 0.01, 0.1 and 1 M sodium hydroxide. 

The reagents used were pro analysi grade. 

525 
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Absorption spectra 
RESULTS AND DISCUSSION 

The absorption spectra of iron(II1) nitrate solutions of constant concentration, 
containing various quantities of MTB at pH 5-l and 12-O are shown in Figs. 1 and 2. 
As can be seen from Fig. 1, curve 6, MTB in acidic medium has an absorption 

0600 

0.500 
a 

0400 

0 
360 400 440 460 520 560 600 640 660 

FIG. l.-Absorption spectra at pH 5.0. 
l-5 and 7-Cre = 4.17 x 1O-sM. &&a: l-1.88 x lO+M, 24.17 x lo-‘M, 3- 

6.25 x lo-“M. 4. 6 and 7-8.34 lO+M. 5-1.04 lo-“M. 
From 1 to-&water blank, 7-CTB blank. 

FIG. 2.-Absorption spectra at pH 12.0. 
1-5-c,, = 417 x lo-‘M, CBe: l-0, 2-8.34 x lo-OM, 3-1.67 x 

4-2.08 x 10-6M, 5-2.51 x lo-% 
WsM, 

maximum at 440 rnp, and at pH 6.4 another maximum appears at 600 rnp (Fig. 2, 
curve 1). Addition of MTB to acidic solutions containing iron(II1) gives rise to an 
absorption maximum at 610 rnp, which decreases when MTB is in excess, a new 
maximum then appearing at a shorter wavelength. The colour of the solution changes 
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from blue when iron is in excess to brown-red when MTB is in excess. The absorption 
maximum of the brown-red compound is at 515 m,u (Fig. 1, curve 7). 

Only one maximum, at 515 m,u, is observed in alkaline medium (Fig. 2) when the 
concentration of the iron is changed. The corresponding complex is red. 

Composition of the complexes 

The composition of the complexes formed between iron(III) and MTB was 
established by the methods of continuous variations and of mole-ratios.10~20 The 
experiments were performed at various pH values and at two wavelengths. 

Two complexes are formed, as can be seen from Figs. 3 and 4. The compound 

I 

a 

0 

0 

0 

0 

VIZ3456789 I”, H6A 

FIG. 3.-Method of continuous variation. 
1, 2, 3 and 4 at pH 1.7; 5 at pH = 12. 1 and 2 at 610 rnp; 3, 4 and 5 at 515 nyl. 
1 and 3 : cp, -I- cH& = 2.08 X 10W6M; 2 and 4: CP, f C,, = 2.08 x lo-4M; 

5 : G, + CEIL = 4.17 x 10-6M. 1 and 2-water blank, 3,4 and 5-MTB blank. 

with an absorption maximum at 610 rnp is blue and has a composition Fe(II1) : MTB = 
1: 1 while the compound which absorbs at 515 mp is brown-red in acidic medium 
and red in alkaline medium, and has composition Fe: MTB = 1:2. We conclude 
from these results that the blue 1: 1 compound is stable in acidic medium with excess 
of iron(II1) present, and the less stable red-brown 1: 2 compound is obtained in 
slightly acidic medium with an excess of MTB, and in alkaline medium no matter 
what the ratio of the reacting components. 
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a 

1,2 and 3 
FIG. 4.-Method of continuous variations at pH 5.0. 

at 610 mp; 4, 5 and 6 at 515 rnp. 1 and 4:Cr, + Cx,, = 2.08 x 10-&M; 
2 and 5 :Cre + C,,A = 1.04 X lo-"&f; 3 and 6 : Cr, + CR,, = 2.08 X 10~*M. 

1,2 and 3-water blank, 4,5 and 6-MTB blank. 

4 
a 0200 -_o---_o---_-__o 

0 100 

0 I 2 3 4 5 

FIG. 5.-Mole-ratio method. 
CB, = 2.08 x lO+M; 1 and 2 at 610 m,u; 3 and 4 at 515 m,u. 1 and 3 at pH 1.7; 

2 and 4 at pH 5.0. 1 and Z-water blank, 3 and 4-MTB blank. 

These conclusions are supported by the mole-ratio method results (Figs. 5 and 
6). Curves 4 and 5 in Fig. 6 show that at pH 11 only the 1: 2 complex is formed. In 
alkaline medium, any excess of iron(II1) is precipitated as the hydrous oxide. 
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a 

0 04 06 I2 I.6 20 2.4 

1,2, 3 and 5 at 61Oimp; 
C@ l-l*04 x lo-6M, 

FIG. 6.-Mole-ratio method. 
4 at 515 m,u. 1, 2 and 3 at pH 1.7; 4 and 5 at pHj11.0. 
2-2.08 x lo-SM, 3-3.13 x 1O-6M, 4 and 54.17 x 

10-sM. 

Degree of protonation of the complexes 

The formation of the 1: 1 complex can be expressed by the equation: 

Fea+ $ HG,An- + [Fe(&_.,,A)“+“3 + mH+. (1) 

The number of hydrogen ions released during reaction was established by following 
the effect of pH change on the absorbance of solutions containing a tenfold excess of 
MTB (Fig. 7, curve 4) or iron(II1) (Fig. 7, curve 3). The formation of the complex 
begins at about pH 0.4 and is complete by pH 1-1.2. The successive pK values of 
MTB ar$,l* 3.0, 3.3, 3.8, 7.4, 11.15 and 13.4, so about 99% of the MTB is present 
as H,A at pH = 1.0, and n in equation (1) is zero. 

a 0 200 

0 100 

0 I 2 3 4 5 6 7 

PH 

FIG. ‘I.-Absorbance as function of pH, at 610 m,u 
CBe: l-208 x lo-EM, 24.17 x 10-6M, 3-2.08 x 10-&M, 4, 5 and 6-2.08 x 
10-6M. C&: 1, 2 and 3-2.08 x lo-“M, 4-2.08 x lo-“M, 5-8.33 x lo-“M, 

6-4.17 x lo-“M, 7-1.04 x 10-4M. 



530 B. KARADAKOV, D. KANTCELEVA and P. NBNOVA 

If it is assumed that with a tenfold excess of MTB present the free MTB concen- 
tration is constant and can be set equal to the total analytical concentration of MTB, 

CuBA, then 

log D'Wh-en*)1 

[Fe1 
= mpH + log K.CEs, 

when K is the equilibrium constant for reaction (1). Log K.C&, is a constant, and a 

plot of log &%H*A /[Fe]) against pH gives a straight line with slope m. A similar 
argument applies when iron(II1) is in tenfold excess. The experimental slopes (Fig. 
8, a and b) were 4.0 and 4.15 respectively, so it can be assumed that m = 4. 

-I 

-2 

PH PH 

C 

/i/ 
-0 

0 

I I 
2 3 

PH 

FIG. I.-Dependence of the logarithm of the degree of complex formation (u and b) 
and the degree of transformation of the complex (c) on pH. 

Cre: a and c-2.08 x lo-6M, b-2.08 x lOAM. Ca,+: a and c-2.08 X lOAM, 
b-2.08 x IO+M. 

The degree of protonation of the MTB in the 1: 1 complex can also be determined 
by finding the value of (6 - m). If we write the dissociation of the complex as 

[Fe(H,,,,*)I + Fe + H,+,,,A, (3) 

omitting charges for simplicity, then the stability constant a, is given by 

where rBH,_,d is the overall stability constant for H,_,A. 
formation of the complex, 01, can be expressed by 

A ~=-s tFe(H,m*)I 
A max CH,A 

(4) 

If C!,, > CuIA, the degree of 

(5) 

where A is the absorbance at a given pH, and A,,, is the maximum absorbance, 
corresponding to the completely associated complex. 

The equilibrium concentrations of iron(III), MTB and the complex can be 
expressed by means of the total concentrations and the degree of formation of the 
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complex under the conditions that there is an excess of iron(II1) and that [HeA] > 
[H,A]. Then if a = CFe/CHBA; [Fe(H,,A)] = aCudll; [Fe] = Cns; [HsA] = 

cHeA(l - a), then substitution in equation (4) gives 

@?fA zfA 

(a - a)(1 - %x,A[Hls-m&6_,,,A = G~ADW”PH~_~A 
(6) 

where Z = a/(a - a)(1 - a), and l/fA is the fraction of uncomplexed MTB in the 
form As-. 

From equation (6), 

logZf,=(m-6)pH+B (7) 

where B = log /9&~6_,AC~6A = a constant. 
It is seen from equation (7) that a graph of log zfA vs. pH is a straight line, 

with slope (6 - m), that is, the number of hydrogen ions associated with A in the 
complex. Figure 7 (curve 2) shows the dependence of the absorbance at 610 rnp 
on the pH at a ratio Cre:Cu,A = 2: 1, and Fig. 9 shows the dependence of log ZfA 

I 

374 - 

366 - 

364 - 

362U 
PH 

FIG. 9.-Dependence of log Zfa on pH. 

on pH. The slope of Fig. 9 is -2, corresponding to M = 4. The absorbance of the 
free ligand is negligible under these conditions. 

The formation of the 1:2 complex can be expressed by means of the equation 

Fe(H,A)- + H,An-s + Fe(H,A)(H,_,A)(““7) + mH+. (8) 

The formation of this complex begins at pH 1.1-1.3 and is complete at pH 3.5-4 
(curves 4, 5 and 6, Fig. 7). The number of protons released, m, in the reaction can 
be determined by plotting the absorbance at 610 rnp against pH, when MTB is in a 
great excess so that CnBA can be accepted as constant. Equation (8) gives 

log [Fe(H,A)(H,,A)I/[Fe(H,A)I = mpH + log K.CHeA (9) 

where log K.CHBA is a constant. 
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This is an equation of a straight line with slope m, which is found (Fig. 8) to be 
4.9. Taking into account that H,A begins to dominate at pH N 3, formation of 
the 1: 2 complex can be expressed by 

Fe(HsA)- + H,A- $ Fe(H,A)(H,A)3- + H+ + Fe(HsA)z- + H+. (10) 

In a strongly alkaline medium (at pH 13-14) the 1: 2 complex undergoes destruc- 
tion. This is shown by the decrease in the maximum at 515 rnp characteristic of the 
1: 2 complex and the appearance of a maximum at 600 rnp characteristic of the anion 
A6-. 

CALCULATION OF THE STABILITY CONSTANTS 

If it is assumed that the 1: 1 complex dissociates in the following way: 

Fe(H,A)- + Fe3+ + H,A4-, 

its stability constant can be calculated by the equation: 

(11) 

(m 

where 2 [H,A] is the total concentration of uncomplexed MTB species. 
The value of this constant was calculated from the curves in Fig. 7 which express 

the change of absorbance with pH at differing ratios of iron(II1) and MTB concentra- 
tion. 

A statistical treatment of 24 results gives at the 95% confidence limits the value of 
20.56 f 0.07 for log &. 

The stability constant @ls,, based on the equation 

Fe(H,A-) f Fe3f + A6- + 2H+ 

can be calculated from 
(13) 

F4KA)I DW%M.fA 
“12 = [Fe] [HI2 [A] = [Fe] [HI22 [H,A] 

(14) 

and has the value log pl12 = 43.29 & 0.09 (95% confidence limits). 
The stability constant of the 1:2 complex was calculated on the basis of the 

equation 

Fe(H3A)23- + Fe(H,A)- + H4A2- (15) 

DWH~A)21 [FeW3N21.f& 
‘12 = [Fe(H,A)] [H,A] = [Fe(H,A)].z [H,A] 

(16) 

The equilibrium concentrations of [Fe(H,A),], [Fe(H,A)] and z[H,A] are 
calculated from curves 4,5 and 6 of Fig. 7. As can be seen from these curves, there is a 
high absorbance at low pH, due to the 1: 1 complex, but with increasing pH the 
curve passes through a maximum which corresponds to the 1: 2 complex being formed. 
The part of the curve which shows a decrease in absorbance with increase in pH is 
used to calculate the equilibrium concentrations of the two complexes and the free 
MTB. The part of the curve showing constant absorbance with increasing pH 
corresponds to complete formation of the 1:2 complex. 
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The equilibrium concentrations of the two complexes are found by solving the set 
of equations 

A = ~JWH2A)I + -dWJ%N21 (17) 

G, = D4W)I + PW%A)21 m 

where er and e2 are the molar absorptivities of the 1: 1 and 1:2 complexes at 610 rnp. 
In equation (17) the absorbance of the free MTB is neglected since it is almost equal 
to zero (curve 6, Fig. l), and in equation (18) the concentration of the free iron(III), 
which is very small in comparison with that of the complexed iron(III), is also ignored. 
The value of er at 610 rnp is determined from the absorbance of a solution containing 
a tenfold excess of iron(II1) at pH 1.2. Its value is 1.73 f 0.01 x 104. That of .a2 
was determined by the same method but with MTB in excess at pH 4-5; it is 
3.21 & 0.05 x lOa. 

The stability constant of the second complex had the value & = 6.66 & 0.05 
(95% confidence limits, 36 results). 

ANALYTICAL APPLICATION 

The reaction of MTB with iron(II1) can be used for the spectrophotometric 
determination of MTB or iron(III), as shown by Tonasaki;ls the conditions he laid 
down are supported by the present work. The influence of some masking substances 
on the spectrophotometric determination of iron has been examined in the work of 
Tihonov.” The best conditions for spectrophotometric titration are pH 3-5.5 and 
wavelength 610 mp. 

Zusammenfassung-Die Reaktion zwischen Eisen(II1) und Methyl- 
thymolblau (MTB oder H,A) wurde spektrophotometrisch unter- 
sucht. Es wurde festgestellt, dti Eisen(II1) und MTB zwei Komplexe 
der Zusammensetzung Eisen(III)-MTB = 1: 1 und 1: 2 bilden. Der 
1: I-Komplex ist in saurem Medium mit EiseniiberschuB stabil, der 
1 :t-Komplex in schwach sauren oder alkalischen Medien mit tiber- 
schiissigem MTB. Die Absorptionsmaxima liegen bei 610 nm (1: 1) 
und 515 mu (1: 2), die molaren Extinktionskoefhzienten sind 1,73 & 
0,01*104 bzw. 3,21 k 0,05 * IV. Die Natur der beiden Komplexe bei 
pH 6 und die Stabilitltskonstanten wurden ermittelt: 

log prl = 20,56 f 0,07, log &a = 43,29 f 0,09, log ,f& = 6,66 f 
0,05. 

R&an&-On a dtudie par spectrophotometrie la reaction entre le fer 
(III) et le bleu de methylthymol (MTB ou H,A). On a btabli que le fer 
(III) et le MTB forment deux complexes de compositions fer(II1): 
MTB = 1: 1 et 1:2. Le complexe 1: 1 est stable en milieu acide 
contenant un exces de fer et le complexe 1:2 est stable en milieux 
legerement acide ou alcalin contenant un exces de MTB. Les maxi- 
mums d’absorption sont a 610 rnp (1:l) et 515 rnp (1:2), les coeffi- 
cients d’absorption moleculaire &ant I,73 f 0,Ol x lo* et 3,21 f 
0,05 x 10s respectivement. On a determine la nature des deux 
complexes 1 pH 6 et les constantes de stabilite: & = 20,56 & 
0,07, log Bna = 43, 29 f 0,09, log /$a = 6,66 f 0,os. 
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Summary-An automatic spectrophotometric kinetic method for the 
microdetermhtation of chromium(W) is described, based on catalysis 
of the hydrogen peroxide-iodide reaction. The time required for the 
reaction to produce a small fixed amount of tri-iodide is measured 
automatically, and is proportional to the chromium(VI) concentration. 
Maximum tolerable amounts of various interfering ions were investi- 
gated. From 0.6 to 3.0 rg of chromium(VI) can be determined with 
relative errors of l-2%, with measuring times of 10-50 sec. 

THE phenomenon of catalysis has already been utilized for the determination of 
chromium.r4 In this paper, an automatic spectrophotometric reaction-rate method 
for the microdetermination of chromium is presented. The method utilizes the 
hydrogen peroxide-iodide reaction, which is catalysed by sexivalent chromium, and 
the type of automatic spectrophotometric reaction-rate system used for the deter- 
mination of glucose and molybdenum. 4*6 The rate of appearance of tri-iodide is 
measured by following continuously the rate of change of the output voltage of a 
photoconductive circuit. The time required for the reaction to produce a small tied 
amount of t&iodide and therefore for the absorbance to increase by a preselected 
amount-as given by a preselected change of 140 mV in the output voltage of the 
photoconductive circuit-is measured automatically and related directly to the 
chromium concentration. 

Speed, precision and simplicity are distinctive advantages of the automatic method. 
The sample is transferred into the reaction cell, sulphuric acid and iodide are added, 
hydrogen peroxide is injected to start the reaction, the starter pressed and the 
data read off a dial shortly after the start. Microamounts of chromium in the 
range O-6-3.6 ,ug may be determined with relative errors of l-274 and measurement 
times of only 10-50 sec. 

The method was tested by determining the solubility of barium chromate and the 
values obtained agree closely with those reported in the literature. 

The time interval required for the preselected change in output voltage depends not 
only on the chromium concentration but also on the pH, temperature, and the 
concentrations of iodide and hydrogen peroxide. By adjusting the conditions the 
reaction is made pseudo first-order with respect to chromium. At chromium(VI)- 
concentrations below 2 x IOm6M and at about pH 2 the rate of oxidation of iodide by 
chromium(W) is negligible and therefore the chromium concentration of the samples 
should be brought into the range 0.15-1.2 ppm by appropriate dilution. 

Instrumentation 
EXPERIMENTAL 

The same experimental set-up was used as for the determination of molybdenum.6 
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Reagents 
All reagents were prepared in doubly distilled water from reagent-grade materials. 
Sulphuric acid, 0.3M. 
Potassium iodide, 0.07M. 
Hydrogen peroxide, O-01 8M. Prepared daily from the 30 % solution. 
Chromium standards. Dissolve 0.2829 g of potassium dichromate in 1 litre of water. This solution 

contains 100 ppm of chromium. Workingchromium standards of 02,0.6 and 1.0 ppm are prepared 
from the 100 ppm chromium solution by appropriate dilution. 

All working standards, reagent solutions and samples were kept in a water-bath at 25 &- @05” 
during use. 

Procedure 
Preparation of equipment. Switch the Spectra-Electra titrator to the Spectra position at least 1 hr 

before the measurements are started, to ensure good stability from the light source. Dial the nominal 
525 second-order interference filter on the tilter wheel and place a Corning No. 5860 glass cut-off 
filter in the auxiliary holder: this setting provides a narrow transmittance band at 365 rnp. Throw 
the polarity switch to position 1. A few minutes before the measurements are started, turn the com- 
parator unit to ON and the range selector switch to PNP f 0.01 V. 

Measurement s?ep. Set the comparator Zero Adjust control at 5.30. Transfer by pipette 3.00 ml 
of sample or standard chromium solution into the reaction cell. Inject with suitable syringes 0.25 ml 
of sulphuric acid and O*lOOml of potassium iodide into the cell. Throw the comparator reagent 
selector switch to position 1 to start the stirring and adjust the Spectra balance control so that the 
meter needle is at the centre. Set the comparator Zero Adjust at 4.50, and 1 min after the start of the 
stirring, inject O-100 ml of hydrogen peroxide solution and press ar once the start button on the model 
Q-RR reaction-rate adapter. The analysis is completed automatically and the number on the read-out 
dial is recorded. Repeat the procedure for each analysis. 

RESULTS AND DISCUSSION 

Basic considerations concerning contamination, temperature control, premeasure- 
ment times and preparation of working curves were similar to those previously re- 
ported.6 Reasons for the choice of various features of the procedure and results of 
the analyses of aqueous chromium solutions are given below. 

Choice of wavelength. Iodine can be detected and its rate of formation followed 
with starch or Variamine Blue. In the proposed method tri-iodide is used as its own 
indicator because of its high absorbance in the near ultraviolet. Although the tri- 
iodide has an absorption maximum at 353 m,u, a narrow band at about 365 m,u was 
selected because of greater instrument sensitivity. 

Optimum concentration of reagents. The rates of both the catalysed and the 
uncatalysed reactions depend on the hydrogen peroxide concentration. Figure 1 
illustrates the effect of hydrogen peroxide concentration on the rate of the reaction, all 
other conditions being as described under Procedure. In a study of the effect of 
hydrogen peroxide concentration on the rate of the uncatalysed reaction, the blank 
increased from O-035 to O-080 ppm of chromium as the hydrogen peroxide concentra- 
tion in the final solution increased from 0.64 to 5.1 x 10e4M. A concentration of 
5-l x lOaM hydrogen peroxide was chosen because at smaller concentrations the 
precision was not as good. 

Figure 2 illustrates the variation of reaction rate with sulphuric acid concentration, 
other conditions being the same as described under Procedure. Although measurement 
times decrease with increasing acid concentration a final sulphuric acid concentration 
of 0*022M was chosen because at higher acid concentrations the rate of oxidation of 
iodide by chromium(W) becomes significant. 

There is a linear relationship between reaction rate and iodide concentration, but 
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FIG. L-Relation between reaction rate and hydrogen peroxide concentration. 
A, @2 ppm Cr; B, O-6 ppm Cr; other conditions as under procedure. 

FIG. 2.-Dependence of the rate of the reaction on the sulphuric acid concentration. 
Cr 0.4 ppm; other conditions as under procedure. 
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the blank too increases as the iodide concentration increases. A 0.002M potassium 
iodide concentration was chosen as a compromise. 

Efict of temperature. The working curves obtained at 20°, 30” and 35” are similar 
to those obtained at 25”. The blank increases as the temperature increases. The 
reaction has a relatively small temperature coefficient of about 2.5 % at 25 f 2’. 

Quantitative data. Results for the determination of chromium in pure aqueous 
potassium dichromate solutions are given in Table I. The data indicate that chromium 

TABLEI.RESULTS FOR AQUEOUS CHROMIUM SOLU~ONS 

Reciprocal time, Chromium* in 3-ml sample, pg Relative error, 
se& * lOa Taken Found? % 

20.3 0.600 0.585 -2.5 
28.0 0900 0.900 
43.7 I.500 1.530 +To 
56.5 2100 2440 -2.9 
73.7 2.700 2.730 +1*1 

* Present as Cr,O,a-. 
t From straight-line working curve, average of two values. 

in the range 0.6-3.0 pug could be determined with relative errors of about 2 %. Meas- 
urement times were the same when potassium chromate was substituted for the 
potassium dichromate. The abscissa intercept (blank) on the working curve is a 
function of the rate of the uncatalysed reaction and the contamination of the reagents 
with substances catalysing the hydrogen peroxide-iodide reaction. Under the con- 
ditions of the procedure the blank range over a period of several weeks was 0.05-0.08 
ppm of chromium. 

To check the reproducibility of the proposed procedure ten replicate determinations 
were made at the 0*3-ppm chromium level; the relative standard deviation was 2.3 %. 

The solubility of barium chromate was determined by the proposed method and 
found to be 0.0034 g/l. at 16” (reported value in Handbook of Chemistry and Physics 
is 04035 g/l.). 

Interferences. Reducing or oxidizing agents should be eliminated before the 
measurements are made. To investigate the effect of various ions that might interfere 
in the determination of chromium, the measurement step was modified as follows: 
after the addition of a chromium standard (0.3 ppm), 0.25 ml of water or of the 
solution of the ions being examined was injected into the reaction cell. Strongly 
alkaline solutions were neutralized with sulphuric acid before their effect on the 
reaction rate was studied. The following ions did not affect the rate of the reaction 
even when their concentrations were several thousand times that of the chromium: 
sodium, potassium, manganese(II), nickel, chloride and nitrate. Table II shows the 
effect of interfering ions. The large negative error caused in the presence of even small 
amounts of EDTA precludes its use as a masking agent for interfering ions. 

Although iron ions catalyse the hydrogen peroxide-iodide reaction (maximum 
tolerable ratio of Fe(II)/Cr(VI) is about 2.3 for a positive error of 5 %) measurement 
times were increased when this ratio was in the range 0.5-2.0, probably because of 
reduction of chromium(V1) by iron(I1). 
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TABLE II.-EFFECX OF VARIOUS IONS ON CHROMIUM DETERMINATION AT A CON cENTRATION OF 
5.77 x 10-8M (0.3 ppm) 

Ion’ Source 

Ratio of added Ratio of added 
ion concn. to ion wncn. to 

chromium concn. Ion? source chromium concn. 

Mo,O*,“- 
wo,p- 
vop+ 

(NH,)GMo,OII 
Na,WO& 
voso, 

@002 
@006 
0.3 

Ce4+ 
ptc1,*- 
EDTA 

Ce(SO& 0.2 
(NH&PtCla 0.6 
Na-EDTA 3 

osa,*- 
HfO” + 
Sl?Os+ 
Zr04+ 
IlCI,‘- 
Fen+ 
Y8f 
uopn+ 
Th” 
ReOl- 
Ctl*+ 

H,SeO, 
ZrOClo 
(NH,),IrCl, 
Fe0\10& 
Y(NO& 
DO,(NO*)* 
ThCl, 
KReO* 
Cu(NO,), 

0.4 HPPO,- KI%POI 350 
0.4 Mgs+ MgSOo 
3 co=+ CoCl* 2z 
: F- KF 2400 

Zns+ ZnCl, 3ooo 
10 NH*+’ NH&l 3ooo 
17 
35 
60 

100 
120 

+ These ions in the stated ratio caused a positive relative error of less than 5 %. 
t These ions in the stated ratio caused a negative relative error of less than 5 %. 
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Zusammenfasslmg-Es wird eine automatische spektrophotometrisch- 
kinetische Methode zur Mikrobestimmung von Chrom(V1) beschrie 
ben, die auf der Katalyse der Reaktion zwischen Wasserstoffperoxid 
und Jodid beruht. Die Reaktionszeit bis zur Bildung einer kleinen 
vorgegebenen Menge Trijodid wird automatisch gemessen; sie ist 
der ChromCVI)-Konzentration nrouortional. Die maximal zuliissieen 
Mengen memerer stiirender Ionen wurden ermittelt. 0,6-3,O-pg 
Chrom(V1) wurden in MeDzeiten von 10-50 s mit relativen Fehlern 
von l-2% bestimmt. 

R&urn&On dtcrit une methode spectrophotometrique cinetique 
automatique pour le microdosage du chrome(VI), basee sur la catalyse 
de la reaction eau oxygen&e-iodure. Le temps n&cessite par la reaction 
pour produire une petite quantite fide de triiodure est mesure auto- 
matiquement, et il est proportionnel a la concentration en chrome(V1). 
On a etudie les quantitbs maximales tolerables de divers ions g&-rants. 
On a dose de 0,6 a 3,0 yg de chrome(V1) avec des erreurs relatives de 
l-2%, avec des temps de mesure de 10-50 s. 
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RADIOCHEMISCHE TRENNUNGEN MIT HILFE DER 
RINGOFENMETHODE-III. DIE SYSTEME ?3r/9oY 

UND lmBa/lmLa 

D. KLOCKOW 
Chemisches Laboratorium der Universitlt Freiburg i.Br., 

Analytische Abteihmg, Bundesrepublik Deutschland 

(Eingegangen am 17. Oktober 1967. Angenomtnen am 6. Dezember 1967) 

Zasammenfassung-Mit Hilfe der Ringofenmethode lassen sich auf 
Rundtiltern aus Carboxvmethvl-Cellulose #OY von ?Sr und lroLa von 
lPoBa schnell abtrennenbie hgchsten Ausbeuten (>99 % OOY bzw. 8% 
95 % 14%a) und Dekontaminationsfaktoren (5 x lo*-10” bei O”Y bzw. 
10s bei laoLa) erreicht man unter Verwendung von ADTA als Komplex- 
bikiner und Wasser als Waschthissigkeit. Die Halbwertszeiten der im 
Ring konzentrierten Tochtemuklide O”Y und lroLa wurden zu 64,7 f 
0,3 h bzw. 40,5 f 0,2 h bestimmt. Mit einer 1 %&en a-Hydroxy-i- 
butterslure-Losungvom pH 4,s als Waschthissigkeit Itit sich aus einem 
n”Sr/DoY-140Ba/140La-Gemisch O”Y selektiv mit SS-90% Ausbeute 
abtrennen. 

DIE RINGOFENMETHODE nach Weisz la& sich vorteilhaft fur einfach und schnell 
auszuftihrende radiochemische Trennungen heranziehen, wie kiirzlich an den Mutter- 
Tochter-Paaren 137Cs$7mBa und QQMo/QQmTc gezeigt werden konnte.ls2 Im folgenden 
wird beschrieben, wie sich dieses Verfahren such auf die Systeme Q”Sr/soY und 
*40Bap40La ausdehnen 15il3t, wobei die Mutternuklide wiederum im Zen&urn von 
Rundfiltern fixiert bleiben, wahrend die Tochter “abgemolken” und in scharfen 
Ringzonen von 22 mm Durchmesser konzentriert werden. Hierbei gelangen Ionen- 
austauschpapiere aus substituierter Cellulose zur Anwendung und nicht, wie in den 
beiden oben zitierten Arbeiten, mit anorganischen Ionenaustauschern impriignierte 
Rundfilter. 

Verfahren zur Trennung von Q”Sr und “Y auf Ionenaustauschersaulen wurden 
bereits des Sfteren beschrieben. T. Ogura, T. Tarutani und S. Misumi3 verwenden 
einen mit Hydrogencarbonat beladenen Anionenaustauscher. L. Klerkx4 arbeitet mit 
einem Anionenaustauscher in der Oxalatform. In diesen Fallen wird ?3r vor QoY 
eluiert. 

Den umgekehrten Fall-Fixieren von “Sr auf der Saule-realisieren M. Ziegler 
und W. Rittnefl durch Verwendung von Anionenaustauschersulfaten. Sehr reine 
WY-Praparate erhalten F. MaCasek und R. Cech,6 indem sie das Nuklid mit 0,Ol m 
ADTA-LGsung von der Mutter Q”Sr “abmelken”, welche auf einem Kationenaus- 
tauscher (NH$-Form) festgehalten wird. Fur die “Melk”Systeme B”Sr/90Y und 
lmBa/lmLa beschreiben K. H. Lieser und K. Bachmann’ Zihnliche Verfahren mit 
Milchsiiure als Komplexbildner. QOSr-gOY-Trennungen durch Chromatographie auf 
Ionenaustauschpapieren ftihrt P. C. Stein* aus, wobei je nach Bedingungen (Papier- 
sorte, Komplexbildner) ?Sr oder Q”Y am Startfleck zuriickbleiben. Ahnliche Versuche 
zur chromatographischen Trennung von Uranspaltprodukten (u.a. s”Sr/BOY und 
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140Ba/140La) auf Cellulosephosphat mit verschiedenen Laufmitteln (u.a. a-Hydroxy- 
isobutters5iure als Komplexbildner) beschreiben N. Getoff und H. Bildstein.g E. 
Cerrai und G. GhersinilO arbeiten auf Papieren, welche mit Di-(24thylhexyl-)ortho- 
phosphorsZiure imprligniert sind. R. Kuroda und K. Ogumall trennen ?3r und my 
durch Isotopenaustausch-Chromatographie auf diinnen Schichten aus einer Mischung 
von Strontiumsulfat und Silicagel. H. Sorantin berichtete iiber Trennungen von 140Ba 
und 140La12 sowie von gOSr und goY13 mit Hilfe des Ringofens: Beim Waschen mit 
O,l-O,2n Ammoniumthiocyanatlisung wanderte jeweils das Mutternuklid in die 
Ringzone, wiihrend 140La bzw. g”Y im Zentrum des Rundfilters zuriickblieben. 

Eine Umkehrung dieser Verhaltnisse gelang durch Verwendung verdfinnter 
Schwefelsaure oder einer benzolischen Losung von Thenoyltrifluoraceton als Wasch- 
fliissigkeit. Die Brauchbarkeit dieser Trennungen wurde dabei nur an Hand von 
Autoradiogrammen belegt, ohne Angaben iiber Ausbeute und Reinheit der abgetrenn- 
ten Tochternuklide. 

Die in der vorliegenden Arbeit beschriebenen Versuche zeigen, da13 bei Verwendung 
von Rundfiltern aus Carboxymethyl-Cellulose soY und l@La mit befriedigender 
Reinheit und Ausbeute von ihren Mutternukliden abgetrennt werden k&men. 

Filtermaterial sowie Reagens- und Waschliisungen 
Selbstgeschnittene Rundtilter (.5,5 cm Durchmesser) aus Carboxymethyl-Cellulose CM 82 der 

Fa. Whatman. 
Wtirige a-Hydroxy-i-butters&ire-L8sung (1 zig), mit 25 zigem Ammoniak auf pH -4,8 

eingestellt. 
Wtirige Losung von Arsenazo III (OJ y,g). 
WaBrige ilDTA-L&mug (OJ %ig). 

Radionuklidliisungen 
Salpetersaure (0,OSn) OOSr/OOY-LBsung mit 2 rg Sr*+ pro ml als Triiger; spez. Aktivitat -84 

&/ml. 
Verd. salzsaure 140Ba/*40La-L6sung mit 10 pg Baa+ pro ml als Trlger; spez. Aktivitat ~13 &/ml. 

Messgeriite 
Zghlgergt FH 49 der Firma Frieseke u. Hoepfner, Erlangen-Bruck, mit Endfensterzawohr 

FHZ 15 a. 
ESGNE-MeBplatz mit Einkanaldiskriminator der Firma Prof. Berthold, Wildbad; NaJ (Tl)- 

Kristall FH 421/Z 4 (Frieseke und Hoepfner). 
100 Kanal-Impulshiihenanalysator Gammascope II der Firma Technical Measurement Corp., 

North Haven; Harshaw-NaJ (Tl)-Kristall (2” x 2”; 8 S 8/EP). 

DURCHFUHRUNG DER TRENNUNGEN 

o”Sr/OoY 
Es wurde 1 ,ul der p”Sr/BoY-L6sung auf die Mitte eines CM-Rundfilters aufgetragen, der Fleck 

getrocknet und das soY in der tiblichen Weise auf einem Ringofen (Temperatur ~125”) mit ca. 120 ~1 
der a-Hydroxy-i-buttersaure- bzw. Arsenazo III-Lbsung in die Ringzone gewaschen. Eine weitere 
Variante bestand in folgender Arbeitsweise: Nach dem Aufbringen der Radionuklidlbsung auf das 
Rundfilter wurde mit 5 pl der ADTA-Losung nachgettipfelt und ohne zu trocknen mit etwa 120 ~1 
dest. Wasser zum Ring gewaschen. 

Nach der Trennung wurde das Rundfilter getrocknet und aus dem Zentrum desselben ein 
Scheibchen von 17 mm Durchmesser (mit dem Sr-Fleck in der Mitte) herausgeschnitten (vgl.‘). Das 
Scheibchen (@oSr) und das restliche Filter mit dem im Ring konzentrierten BaY gelangten anschliel3end 
zur B-Messung mit dem Endfensterzlhlrohr. Hierbei konnte durch Abdecken der MeBpraparate mit 
Ahuninium (215 mg/cn?) die g”Y-Ausbeute im Ring ermittelt werden. Nachdem der Abfall des 
abgetrennten SOY tiber rund 10 Halbwertszeiten verfolgt worden war, wurde durch B-Messung von 
17-mm Scheibchen und Ring(etwa 30 Tage nach der Trennung) der Dekontaminationsfaktor bestimmt. 
Nach Wiedereinstellung des radioaktiven Gleichgewichts wurde aus dem 17-mm Scheibchen (DoSr/OOY) 
emeut BOY abgemolken. Das Scheibchen wurde auf dem Ringofen auf die Mitte eines neuen CM- 
Rundfilters gepreBtl,la und das Tochtemuklid mit 200-300 ~1 der a-Hydroxy-i-buttersaure- bzw. 
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Arsenazo III-Liisung in der Ringzone konzentriert. Analog zur oben beschriebenen Arbeitstechnik 
wurde such folgender Weg beschritten: Das Filterscheibchen wurde mit 10 ~1 der ADTA-LBsung 
durchfeuchtet, getrocknet, auf die Mitte eines neuen CM-Rundfilters gepreBt turd mit 150-200 ~1 
dest. Wasser eluiert. Nach der Trennung wurde aus dem Zentrum des unteren Runtiters ein 
Scheibchen von 18 mm Durchmesser ausgeschnitten, um storende 9oSr-Aktivitat zu entfernen (vgl.‘,‘). 
Die Messungen erfoigten wie oben beschrieben. 

1roBa/140La 

Nach Auftragen von jeweils 3 x 5 ~1 der 140Ba/140La-L6sung auf die CM-Rtmdtilter (nach je 5 ~1 
trocknen), wurden die Trennversuche mit den gleichen Waschiltissigkeiten tmd in der gleichen Weise 
durchgefti wie bei OOSr/*oY. 

ABB. l.-(a) Abfall von O”Y im Ring (0) 
(b) Abfail von lroLa im Ring (x). 

Die 140La-Ausbeute im Ring konnte an Hand des 1,6 MeV-Y-Peaks, der Dekontaminationsfaktor 
durch /?-Messung (~20 Tage nach der Trermung) oder mit Hilfe des 0,16 MeV-Peaks von ‘%a 
(15-20 Tage nach der Trennung) ermittelt werden. Der Abfall des im Ring konzentrierten lroLa wurde 
ebenfalls iiber rund 10 Halbwertszeiten verfoigt, und zwar durch p-Messung oder durch y-Messung 
bei 1,6 MeV. 15-20 Tage nach der ersten Trenmmg wurden Abmelkversuche durchgefiihrt wie bet 
OOSr/goY beschrieben. 

ERGEBNISSE UND DISKUSSION 

Von den untersuchten Trennmijglichkeiten erwies sich diejenige mit ADTA als 
Komplexbildner und Wasser als WaschStissigkeit fiir das Mutter-Tochter-Paar B”Sr/QOY 
als am besten geeignet. Es konnten hiermit BOY-Ausbeuten von >99 % und Dekon- 
taminationsfaktoren von 5 x 105-104 erzielt werden. Dadurch wire es beispielsweise 
moglich, mit diesem Verfahren 8BSr-gOSr/soY-Gemische schnell zu analysieren. 

Abbildung la zeigt den Abfall von soY im Ring. Aus vier solchen Geraden wurde 
durch Ausgleichsrechnung die Halbwertszeit des Nuklids zu 64,7 f 0,3 h ermittelt.* 

* Die numerischen Rechnungen wurden an der Rechenanlage Siemens 2002 de8 Rechenzentrums 
der Universitat Freiburg durchgeftihrt. Herrn Dr. J. Str&hle. Lehrstuhl ftir Anorganische Chemie der 
Universitat Freiburg, sei an dieser Stelle fti die Ausarbeitung eines ALGOL-Programms gedankt. 
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Auch im System lmBa/l@La zeigte es sich, da13 mit ADTA als Komplexbildner und 
Wasser als Waschfltissigkeit die besten Trenmmgen erreicht werden k&men. Die 
140La-Ausbeuten lagen zwischen 85 und 95 %, die Dekontaminationsfaktoren bei 103. 
Der lmLa-Abfall im Ring ist in Abb. lb dargestellt. Aus sechs solchen Abfallen wurde 
die Halbwertszeit von lmLa zu 40,5 rt 0,2 h berechnet.* Abbildung 2 zeigt das 

lb 20 5‘0 60 io 
4 

30 40 Kano1-i 

ABB. 2.-Spectren von (a) lroBa + 140La vor der Trennung 
(b) l*OBa im 17-mm Scheibchen 
(c) IdoLa im Ring. 

y-Spektrum von lmBa/lmLa vor der Trennung sowie die Spektren von 17.mm 
Scheibchen (140Ba) und Ring (140La) unmittelbar nach der Trennung. 

Der bemerkenswerteste Unterschied im Verhalten der Systeme gOSr/soY und 
rmBa/140La gegentiber den untersuchten Waschfliissigkeiten besteht darin, da13 bei 
Verwendung der a-Hydroxy-i-butterdure-LSsung g”Y mit guter Ausbeute in die 
Ringzone wandert, lmLa jedoch fast vollst%ndig beim lmBa im Zentrum des CM- 
Rundfilters zuriickbleibt. Diese Tatsache kann man sich zunutze machen, urn e”Sr/soY 
neben 140Ba/i40La zu bestimmen. In einem entsprechenden Versuch mit einem 
Gemisch der beiden Nuklidpaare (1~1 9oSr/“Y-L6sung + 4 x 5 $140Ba/140La-L8sung) 
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konnten 85-90% des goY mit der cr-Hydroxy-i-buttersgure-Losung im Ring konzen- 
triert werden, wahrend nur jeweils 0,2 % vom ?Sr und r”La mitwanderten. lNBa lie13 
sich nicht im Ring nachweisen. 

Die geschilderten Untersuchungen sollten erneut die Leistungsfihigkeit der 
Ringofenmethode bei radiochemischen Trennungen demonstrieren. Die Verfahren 
dtirften sowohl fur radiochemisch-analytische Probleme als such fur Unterrichtszwecke 
gee&net sein. 

Der Verfasser dankt Herm Prof. Dr. W. Seelmann-Eggebert, dem Direktor des Institutes fti 
Radiochemie im Kemforschungszentrum Karlsruhe, fiir die Uberlassung von lroBa/laoLa- Liisungen. 

Summary_-Rapid separations of OOY from ?S.r and of rroLa from 140Ba 
on carboxymethylcellulose tilter papers by the ring-oven technique are 
described. Highest yields (>99 % for @OY and -90% for 140La) 
and decontamination factors (5 x 1O5--10” for O”Y and 10s for 140La) 
are obtained by using EDTA as complexing agent and water for 
washing. The half-lives of the daughter-nuclides were found to be 
64.7 f O-3 hr and 4@5 & O-2 hr for OOY and for 140La respectively. 
OOY can be selectively separated with 85-90 ‘A efficiency from a mixture 
of all four nuclides by using a 1% solution of hydroxyisobutyric acid at 
pH 48 as eluent. 

R&um&-Gn d6crit des separations rapides de OOY de *OSr et de lPoLa 
de raoBa sur papiers Ntres de carboxym&hylcellulose par la technique 
du four annulaire. On obtient les rendements (>99 % pour OOY et 90 % 
pour 140La) et les facteurs de decontamination les plus Blevts (5 x 
108-lo4 pour DOY et 10’ pour 14%a) par emploi d’EDTA comme 
agent complexant et d’eau pour le lavage. On a trouve que les demi- 
vies des nucldides-filles sont de 64,7 f 0,3 h et 40,5 f 0,2 h pour OOY 
et lroLa respectivement. On peut &parer selectivement *OY avec une 
efficacite de 85-90% a partir d’un melange des quatre nucleides en 
utilisant comme &ant une solution a 1% d’acide hydroxyisobutyrique 
a pH 4,8. 
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SIMPLE AND RAPID DETERMINATION OF MERCURY 
IN URINE AND TISSUES BY ISOTOPE EXCHANGE 

T. W. CLARKSON and M. R. GREENWOOD 
Department of Radiation Biology Biophysics, Atomic Energy Project, 
University of Rochester School of Medicine and Dentistry, Rochester, 

New York 14620, U.S.A. 

(Received 11 October 1967. Accepted 6 December 1967) 

Summary-The method eliminates oxidation of organic material. 
Tracer quantities of zosHg are added to the sample and equilibrated 
with the stable mercury. aooHg vapor in nitrogen is passed through the 
sample in the presence of cysteine and at pH 7.4, and exchanges with 
the zOsHg. The vapor is collected in a tube of activated Hopcalite 
placed in a gamma-counter. The increasing activity is recorded and 
the half-time of exchange is directly proportional to the mercury 
concentration in the sample. The method is best suited for urine 
samples containing more than 10 pg Hg/l. 

CURRENT methods for the determination of mercury in urine and other biological 
materials require that the organic material should be removed by chemical oxidation, 
either partially or completely. As has been stressed by others,1*2 the chief problem 
lies in the digestion procedure. Too vigorous oxidation results in losses of mercury 
by volatilization, too little leads to incomplete extraction by the complexing agents 
(e.g., dithizone). If the chemical oxidant is not completely reduced after the digestion 
procedure other complications result. 

The method described here avoids these difficulties by making use of an entirely 
new procedure. Sufficient quantities of cysteine are added to the biological sample to 
complex all the mercury present. Trace quantities of radioactive mercury, 203Hg, 
are added, and immediately equilibrate with the non-active mercury in the cysteine 
complex. The biological sample, now containing labelled mercury complexed 
to cysteine, is exposed to non-radioactive mercury vapor. A rapid isotopic exchange 
takes place resulting in the transfer of radioactivity to the vapor phase. Experimental 
conditions are adjusted so that the half-time of the exchange process is directly 
proportional to the concentration of mercury in the sample. 

The isotope exchange reaction was first applied by Clarkson, Rothstein and 
Sutherland3 to the determination of the rate of cleavage of mercury from organic 
mercurial diuretics in body tissues, and subsequently used by Magos* for the measure- 
ment of mercury concentrations in air. 

THEORETICAL 

Solutions of various salts of mercury are capable of undergoing isotopic exchange 
with mercury vapor in contact with the solution s. As the non-active vapor passes 
through the exchange vessel, it acquires radioactivity by isotope exchange with the 
radioactive mercury in the aqueous phase. The rate of loss of radioactivity from the 
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solution is given by the equation 

-42w~ga,l . V’ = a. [203Hgvl 
dt [200Hgvl 

(1) 

where V ml is the volume of the aqueous phase, [203Hg,,] and [203Hg,] arethe activities 
(in counts.min-l-.ml-l) of the aqueous and vapor phases respectively, [200Hg,] is 
the chemical concentration of mercury in the vapor phase (in lug/ml), and a is the 
vapor flow rate in ,ug/min. If the vapor achieves complete isotopic equilibrium with 
the solution, the specific activity of the vapor leaving the exchange vessel will be equal 
to the specific activity of the mercury in the aqueous phase and equation (1) becomes 

-d[2WHg,]. V = 
a. [2WHg,] dt 

[200Hg,,l 

where [200HgJ is the concentration of mercury in the aqueous phase, in lug/ml. 
Provided that V, a and [200Hg,p] remain constant throughout the exchange process, 
equation (2) may be integrated to give 

- In [203Hg,,]t _ at 

[203J%,,lo - [200Hg,,l. v 
(3) 

where the subscripts o and t refer to zero time and time t respectively. Equation (3) 
states that the rate of loss of radioactivity will be first-order and the time for the loss 
of half the total activity from the aqueous phase, t1,2, will be given by 

t 1,2 = O-690 ’ U200Hg,,l 
(4) a 

In other words the half-time will be directly proportional to the concentration of 
mercury in the aqueous phase. The slope of the line may be calculated from the 
known values of Vand a. 

EXPERIMENTAL 

Reagents 

Cysteine hydrochloride. Sodium hydroxide, l*OM. Sodium chloride, 0.9% solution. Octyl 
alcohol. *O*Hg isotope supplied as mercuric nitrate at a specific activity of approximately 1 mc/mg 
(Cambridge Nuclear Co., Cambridge, Mass.). 

Apparatus 

The general arrangement of the apparatus is shown schematically in Fig. 1. Mercury vapor was 
generated by passing nitrogen at a flow-rate of 240 ml/min through a midget impinger (Gelman 
Instrument Co., Ann Arbor, Mich. Model No. 7202) containing a small quantity of metallic mercury. 
The impinger was immersed in water at 45”. The vapor was passed through a second impinger con- 
taining a similar amount of metallic mercury but maintained at room temperature. The nitrogen gas 
emerging from the second impinger contained almost the saturation level of mercury (20 mg/m”). 
The vapor then passed to the exchange vessel where it bubbled through the aqueous phase containing 
the radioactive mercury. The vessel consisted of a vertical Pyrex glass tube, length 525 cm, internal 
diameter 1.9 cm, stoppered at each end by rubber bungs (Fig. 2) and had a nylon inlet-tube (Labtician 
Products, Hollis, New York, 0.096 in. bore, 0.125 in. outside diameter) extending to the bottom, 
the lower end of the nylon tube being heat-sealed and perforated with small holes. A short nylon 
outlet-tube passed through the upper rubber stopper. The issuing vapor was passed through a water- 
trap consisting of a small disposable plastic test-tube, 12 x 75 mm (Falcon Plastics, California) 
and then through a similar tube containing about a l-in. length of activated Hopcalite. The hopcalite 
tube was placed in an NaI well-crystal to record *O*Hg activity. The counting equipment consisted of a 
decade counter (Radiation Instrument Detection Laboratories, Des Plaines, Ill., Model No. 49-51), 
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FIG. l.-Schematic arrangement of apparatus. 
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FIG. 2.-The exchange and counting assembly. 

a rate-meter (Packard Inst., Co., La Grange, Ill., Model No. 280 A) and a pen-recorder (Leeds 
Northrup, Philadelphia, Pa. Type G.). Nitrogen gas was drawn through the system by a small 
electric pump (Universal Electric C., Owosso, Mich., Model No. 3) and the flow-rate recorded by a 
flow-meter (Rrock Inst. Co., Hatfield, Pa.). 

Procedure 

Pour 70 ml of urine into a lOO-ml graduated cylinder containing 3.15 g of cysteine hydrochloride 
and 22.5 ml of l.OM sodium hydroxide. Add a trace quantity of *OsHg isotope to give at least 10000 
cpm and a final mercury concentration of 1O-BM. Dilute to the lOO-ml mark with 0.9% sodium 
chloride solution and add 1 ml of octyl alcohol to prevent foaming. Mix the contents of the cylinder 
and pour them directly into the exchange vessel. Start the nitrogen flow (containing mercury vapor 
at 17 mglm*) at a rate of 240 ml/min. Record the radioactivity in the hopcalite absorbent as a functton 
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FIG. 3.-(a) Recorder tracing. (b) Semi-log plot. 

The radioactivity remaining in the solution at any time was calculated from the pen- 
recording as described in the text. 

of time and stop the exchange run when the activity in the hopcalite has become steady. At this point 
all the radioactivity in the exchange vessel is completely transferred to the hopcalite, so the final trace 
on the recorder represents the initial radioactivity in the urine, and the difference between the final 
pen-recording and the pen-recording at any given time during the exchange run is the amount of activity 
remaining in the urine. This value is plotted on semi-log paper (Fig. 3)agains.t time and yields a straight 
line from which the half-time can be calculated. The amount of mercury originally present in the urine 
sample is calculated from the half-time by referring to the standard curve. 

To measure the mercury in kidney or liver, 1 g wet-weight of tissue is chopped and homogenized 
in 0.9% sodium chloride solution with a tissue grinder, made up to a volume of 70 ml with 0.9% 
sodium chloride solution, and then treated identically to the urine sample. 

Prepare a standard curve by applying the procedure to 0.9 % sodium chloride solutions containing 
known amounts of mercury(I1) chloride covering the mercury concentration range lo-‘-3 x 10-6M 
and plot t,/, against the concentration of mercury added. 

RESULTS 

Two typical standard curves are shown in Fig. 4. In both cases the slope of the 
line deviates only slighly from that calculated from equation (4), indicating that iso- 
topic exchange is close to 100%. Figure 4a covers the range of mercury concentration 
most frequently found in people having a low to medium exposure to mercury.8 
To measure the low concentration of mercury in normal urine samples, the mercury 
concentration in the vapor should be reduced from 17 to approximately 5 mg Hg/m3, 
to obtain a curve as shown in Fig. 4b. The intercept on the abscissae in both standard 
curves represents a blank reading due to mercury present in the standards 
in excess of that which was added. Part of the blank represents impurity in the 
reagents. The fact that the intercept was greater at the higher mercury vapor con- 
centration (Fig. 4a, 65 pug/l.: Fig. 4b; 45 pg/l) indicates that part of the blank 
was due to mercury vapor which had dissolved in the solution in the exchange vessel. 
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FIG. 4.-(u) Standard curve obtained with a vapor concentration of 17 mg Hg/m*. 
(b) Standard curve used for low concentrations of mercury with a vapor concentration 

of 5 mg Hg/m*. 
The exchange half-times, till, calculated from the semi-log plot of Fig. 3 were 
plotted against the concentration of mercury in standard solutions. The broken lines 

are the theoretical relationship calculated according to equation (4) in the text. 

Number 
of 

samples 

Mercury added 

BOOH 
g 

Mercury found Standard 
Net 

sooHg f =‘*Hg deviation difference 
Recovery 

% 
rT?gll CLgIl Wll 

5 0 0.025 13 1.4 13 - 
5 100 0,025 110 2.6 10 97 
5 200 0.025 207 1.1 7 97 
5 20 340 2.8 20 102 
5 10 418 l-9 8 99 

Reducing the vapor tension, as predicted by equation (4), increases the slope of the 
standard curve so that lower concentrations of mercury give exchange half-times 
which can be measured accurately. The mercury vapor concentrations were measured 
with a “Kitagawa” detector (Union Industrial Equipment Corp., Fall River, Mass.). 

When known amounts of mercury(I1) chloride were added to urine samples, the 
mean recoveries for each group of 5 urines were between 97 and 102’5& Table I. 
The urines were from laboratory workers with no history of mercury exposure. The 
mean differences between the mercury added and found varied from 7 to 20 ,ug/l. 
These values lie in the reported normal range6 of lo-50 pug/l. 

Similarly complete recovery of mercury was obtained when the metal was given to 
rats and the urine was subsequently analyzed, Table II. The mercury concentration 
in the urine was measured by counting a l-ml sample (column 1, Table II), then an 
exchange run was made (column 2, Table II). The two sets of results agree well. 

To check that mercury added in vitro to the urine equilibrated with the mercury 
already present, a small amount of mercury (II) chloride labelled with the 203Hg 
isotope was added. The exchange half-time was measured and the mercury concentra- 
tion calculated from it (column 3, Table II) was found to be equal to the sum of 
the in vivo and in vitro mercury, indicating that complete equilibration had taken place. 

The complete recoveries obtained when mercury(I1) chloride is added in vitro 
or in uiuo to urine indicate that the basic assumptions of the procedure are correct, 
viz., that the tracer mercury 203Hg equilibrates rapidly with non-radioactive mercury 



552 T. W. CLARKSON and M. R. GREENWOOD 

TABLE II.-DETERMINATION OF MERCURY IN URINE AND nssu~ HOMOGENATES FROM RATS INJECTED 

WITH MERCURY(H) CHLORIDE LABELLED WITH zOsHg 

Mercury @I 

Sample Counting* Exchange? Exchange 
after in vitro 

addition: 

Urine 

(1) 

(2) 

(3) 

Homogenates 
Kidney (1) 

(2) 

Liver (1) 

* Calculated from activity in sample. 
i Calculated from exchange half-time. 

222.5 222 236 

424 435 535 

55 43 60 

764 780 795 

835 880 892 

330 340 358 

$ Addition of 14 rug of Hg per 1. to urine and homogenate samples (added as HgCle lahelled with 
*ogHg). 

originally present in the sample, that all the mercury in urine is converted into its 
cysteine complex, and that the mercury in the complex undergoes complete isotopic 
exchange with the vapor. 

DISCUSSION 

Flow of mercury vapor and carrier gas 

As indicated by equation (4) and confirmed by experiment, the exchange half-time 
is inversely proportional to the vapor flow-rate. This fact allows the exchange half- 
time to be set for any given value of the mercury concentration. When dealing with 
low concentrations of mercury, it is convenient to reduce the mercury vapor concen- 
tration so that the half-time falls within the response time of the recording equipment 
and yet is not too large to make the measurement very time-consuming. 

Nitrogen was used as the carrier gas in order to remove oxygen from the system. 
There were three reasons for this: to prevent formation of any oxide layer over the 
metallic mercury in the vapor generator; to prevent any oxidation of cysteine in the 
exchange vessel; to avoid any conversion of mercury vapor into mercury(I1) ions 
in the aqueous phase, which is known to require oxygen.’ 

In principle it is best to make the flow of nitrogen as rapid as possible so that the 
transit time of mercury in the plastic tubing is brief. In practice the flow is limited by 
the rate at which bubbles will pass through the exchanger without spillage or 
excessive foaming. A flow of 240 ml/min is close to the practical maximum and this 
requires the use of an antifoaming agent when biological samples are being analyzed. 

Cysteine, 0*2M, pH 7.4 

In order to measure non-radioactive mercury present in biological samples two 
conditions had to be met: first, that the non-radioactive mercury would immediately 
equilibrate with trace quantities of 203Hg isotope added to the sample, and second 
that the total mercury in the labelled sample should be converted into one chemical 
species capable of undergoing rapid isotope exchange with mercury vapor. The use 
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of the monothiol compound cysteine achieved both conditions. This compound 
was chosen because it had previously been shown that mercury complexed with 
cysteine underwent rapid isotopic exchange with mercury vapors and that concentra- 
tions of monothiol compounds greater than 10-2M were capable of removing mercury 
from tissue homogenates ;s other monothiol compounds may also be used, but cys- 
teine is the cheapest and most readily available commercially. 

The pH of 7.4 was used because the reaction is not sensitive to small fluctuations 
in pH in this region. The exchange rate is reduced in acidic solutions of cysteine, 
and, on the other hand, cysteine is readily oxidized at very high pH values. 

Antifoaming agents 

These are necessary to prevent excessive foaming when urine and tissue homo- 
genates are present in the exchange vessel. However, octyl alcohol reduces the 
exchange rate. Complete isotopic exchange in the exchange vessel is indicated when 
the slope of the plot of t 1,2 against [Hg,,] agrees with the value calculated from 
equation (4). This occurs only with solutions of mercury in saline or cysteine buffer 
(Fig. 4). In the presence of octyl alcohol, the slope is about 90% of the theoretical. 
However, this slope is the same and reproducible both with standard solutions and 
biological samples. 

The construction of the exchange vessel 

Complete isotopic equilibration between vapor and aqueous phases was achieved 
by adjusting two variables: the surface area of contact between the phases was made 
as large as possible by generating small bubbles, and the aqueous phase was encased 
in a narrow vertical tube so that the time of rise of the bubbles from the bottom to the 
top of the sample was long. 

The absorption of mercury vapor on hopcalite 

This material was chosen because it is efficient absorbent, cheap and com- 
mercially available. When hopcalite is present in the absorbent tube to a depth of 
1 in., all the radioactivity is collected in the lower 25% of the column. When a second 
hopcalite tube was placed in series with the first, no radioactivity was ever found in 
the second tube. An average of 98 y0 of the radioactivity removed from the exchange 
vessel was recovered in the hopcalite. Small losses can occur if the plastic tubing 
leading from the exchange vessels is excessively long or if the flow-rate of carrier gas 
is very low. 

PIastic tubing 

Plastic tubes made from tygon, polyethylene and nylon have been found to be 
equally acceptable. The length of tubing was kept as short as possible to avoid 
potential loss of mercury by diffusion through the plastic or by adsorption on surfaces 
of the tubes. 

Vacuum pump 

The purpose of the pump was to maintain a slight (l-5 cm of water) negative 
pressure throughout the vessels and tubing so that, in the event of a leak, radioactive 
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or stable mercury would not be released into the laboratory. A cheap electrically 
operated pump was used but a water pump is equally effective. 

Radioactive detection and display equipment 

The essential items are the well-crystal to house the hopcalite tube and a suitable 
tube and a suitable counter to record the activity. The rate-meter and the recorder 
are a convenience in that they allow a graphic recording of the rate of build-up of 
radioactivity in the hopcalite and can give accurate recording when the exchanger rate 
is rapid. However, a manual instrument can be used when I-min counts are made at 
appropriate intervals, but the half-time of exchange has to be 5 min or more. If 
the very low concentrations are being measured the half-time can be adjusted by 
lowering the concentration of mercury vapor and/or the rate of flow of carrier gas. 

Uses and limitations 

The great advantage of this technique is that it is both rapid and simple. It avoids 
the tedious procedures involved in the removal of organic material from biological 
samples by oxidation, with all the attendant uncertainties. This method is ideal 
for checking urine or tissue samples to see if higher-than-normal concentrations of 
mercury are present, if there has been exposure to inorganic mercury (vapor or salt), 
but mercury present in urine or tissue as an organ0 mercurial compound and having at 
least one covalent link with a carbon atom will not undergo rapid isotopic exchange, 
for example the mercurial diuretics.3 

The method has been tested for samples containing 2-O ,ug or more of mercury, 
and as described here is less sensitive than the techniques described by Jacobs, Gold- 
water and Gilbert9 and by Toribara. lo The theoretical limit to the sensitivity of the 
method is determined by the specific activity of the 203Hg isotope. With the specific 
activity commercially available (5 me/g) and very low concentrations of the vapor 
passed through the exchange vessel, the lower limit of detection should be approxi- 
mately 0.025 ,ug of mercury. 

Zusammenfassung-Die Methode eriibrigt die Oxidation der organis- 
then Substanz. Tracermengen *08Hg werden der Probe zugesetzt 
und mit dem stabilen Quecks&er ins Gleichgewicht gebracht. fiampf 
von *O”He wird mit Stickstoff in Geeenwart von Cvstein bei DH 7.4 
durch digProbe geleitet und tauscht ‘nit dem BoSHgi~~. Der bampf 
wird in einer Riihre mit aktiviertem Hopcalit in einem Gammazahle 
gesammelt. Der AktivitSitsanstieg wird registriert; die Halbwerts- 
zeit des Austausches ist der Quecksilberkonzentration in der Probe 
direkt proportional. Die Methode e&net sich am besten ftir Urin- 
proben mit mehr als 10 pg Quecksilber im Liter. 

R&nn&La methode elimine l’oxydation de la mat&e organique. 
Des quantites de %OaHg correspondant a sa qualite de traceur sont 
aioutees a l’echantillon et dquilibrdes avec le mercure stable. On fait 
passer de la vapeur de BooHg en azote a travers Echantillon oii elle 
s’echanee avec le Bo3He en la uresence de cvsteine et a oH 7.4. On 
recueillg la vapeur d& un tube de Hopcahte activee plac6 dans un 
compteur gamma. On enregistre l’activite croissante et le demi-temps 
d&change est directement proportionuel a la concentration du mercure 
dans lVchantillon. La methode convient au mieux pour des echantillons 
d’urine contenant plus de 10 ,ug Hg/l. 
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SHORT COMMUNICATIONS 

Adsorption of chloro-complexes of the first row transition elements by Dowex A-l 

(Received 31 July 1967. Revised 29 November 1967. Accepted 20 December 1967) 

ANION adsorption by Dowex A-l was tist reported by Heitner-Wirguin and Markovits’ who found 
that a chloro-complex of copper was strongly adsorbed in the presence of hydrochloric acid. The 
work reported here is concerned with the adsorption of vanadium(IV), chromium(III), manganese(II), 
iron(III), cobalt(II), nickel(II), copper(I1) and zinc(I1) from solutions in different concentrations 
of hydrochloric acid. 

EXPERIMENTAL 

The resin used, Chelex 100 (analytical grade Dowex A-l, wet mesh range 20-50 U.S. standard) 
was supplied by Bio-Rad laboratories in 1965. Samples were conditioned by batch treatment with 
IM sulphuric acid, washing with demineralized water until acid-free, treatment with 2M sodium 
hydroxide and washing with demineralized water until free from alkali. This cycle was repeated 
five times and the resin dried to constant weight at 100”. 

For adsorption experiments, solutions were prepared by dissolving the metal chloride (vana- 
dium(IV) oxide sulphate was used for vanadium) in hydrochloric acid of the required concentration. 
After analysis by standard methods, B the solutions were diluted with the required concentration 
of acid to give 0.OSM metal solutions. 

In each experiment 100 ml of metal solution were stirred with 1 g of dried sodium-form resin 
for 25 min, and the resin was filtered off, washed with hydrochloric acid of the correct concentration 
and sucked dry. The metal was eluted with 1M sulphuric acid and the solution analysed. 

RESULTS 

In Fig. 1 the adsorption of each metal is plotted against hydrochloric acid concentration. No 
adsorption was observed for vanadium(IV) or nickel(I1). 

DISCUSSION 

Dowex A-l consists of a styrene-divinylbenzene copolymer matrix in which some of the benzene 
rings carry substituted nitrogen atoms. Loewenschuss and Schmucklera concluded from elemental 
analysis of the sodium-form resin that five out of eight benzene rings carried iminodiacetic acid 
groups. Hering, by comparison of the properties of Dowex A-l with other chelating resins syn- 
thesized by paths giving no side-reactions, concluded that Dowex A-l contained iminodiacetic acid 
groups (I), aminoacetic acid groups (II) and amine groups (III). 

/ 
CH&OOH R-NH-CHICOOH 

R-N 
\ 

R-NH, 

CH,COOH 
R\ 

R’ 

N-CH,COOH 

(I) (II) (III) 

He attributed failure to elute copper with 2M hydrochloric acid from samples of Dowex A-l 
marketed before 1964 to the presence of amine groups (III) and showed that this did not happen with 
resins containing only groups I or II. He suggested that in the presence of concentrated acid, groups 
II and III would react to give amides, which are known to form complexes with copper in concen- 
trated hydrochloric acid. Hering attributed the easier elution of copper with hydrochloric acid from 
Dowex A-l marketed during and after 1964 to the higher proportion of I as compared with II and III. 

557 
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Molarlty of HCI 

FIG. I.-Effect of hydrochloric acid concentration on adsorption 
of metal chloro-complexes. 

The graphs relating the amount of metal adsorbed per gram of dry Dowex A-l resin to the molarity 
of hydrochloric acid present are very similar to those reported by Kraus5 and his co-workers for 
adsorption on the anion-exchanger Dowex-1 from solutions of similar acid concentrations. Com- 
parison of the maximum adsorption of a metal chloro-complex from acid solution by Dowex A-l 
with that for the adsorption of the same metal as a cation, gave the following results: xinc(I1) 25 %, 
cobalt(H) 17x, copper(H) 6%, manganese(I1) 4%. 

If adsorption of anions by Dowex A-l is due solely to R-NH% groups they must be present in 
proportion up to 25 % of the sum of iminodiacetic and amino acid groups. 
nisms are possible. 

Other adsorption mecha- 
Kraus, Michelson and Nelson6 showed that the cation-exchange resin Dowex-50 

strongly adsorbed the chloro-complex of iron(II1) but that those of manganese(II), copper(H) and 
iron(I1) were only slightly adsorbed. The effect, which was more marked in salt than in acid solutions, 
was attributed to the interactionof the anionswiththeresinnetwork. Schwarz (quoted bySchrnuckler7) 
reported that at pH values below 221, Dowex A-l in nitrate media showed infrared vibrations 
characteristic of nitrate and concluded that the resin existed as 

CH&OOH 

R--N/--H+ NO,- 
\ 

CH,COOH 

under these conditions. 
Protonation of the nitrogen atom would be enhanced in the presence of concentrated acid and 

the resin would behave as an anion-exchanger. It is possible that all three mechanisms play some 
part in adsorption but that amine groups and N-protonated iminodiacetic acid groups are chiefly 
responsible. 

Marcus* recently reviewed the nature of metal chloro-complexes shown by solvent extraction 
and ion-exchange studies to be present at various concentrations of hydrochloric acid. For the 
relevant metals, these complexes are MnCl,-, FeCl,-, CoCl,-, CuCl,- and ZnCld8-. 

The higher adsorption of the zinc chloro-complex can be attributed to its greater charge. 
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Summary-A study has been made of the adsorption of chloro- 
complexes of the first row transition metals by the chelating resin 
Dowex A-l, and possible mechanisms for adsorption have been 
reviewed. Relative adsorption follows the series Zn(I1) > Co(II) = 
Fe(III) > Cu(II) > Mn(I1). Negligible adsorption occurred with 
Cr(III) and none with V(IV) and Ni(I1). Maximum adsorption of 
Zn(I1) occurred from 3M hydrochloric acid and for the other metals 
from 8M acid. 

Zusammenfassung-Die Adsorption von Chlorokomplexen der 
Metalle der ersten Ubergangsreihe an dem chelatbildenden Harz 
Dowex A-l wurde untersucht und eine Ubersicht tlber die moglichen 
Adsorptionsmechanismen gegeben. Die relative Adsorption folgt 
der Reihe Zn(II) > Co(I1) = Fe(II1) > Cu(II) > Mn(II). Cr(II1) 
wird in vernachlassigbarem AusmaB adsorbiert, V(N) und Ni(I1) 
gar nicht. Zn(I1) wurde aus 3M Salzsaure maximal adsorbiert, die 
anderen Metalle aus 8M Salzsaure. 

R&mu%-On a effectd une etude sur l’adsorption de chloro-complexes 
des metaux de transition de la premiere rang&e par la &sine chelatante 
Dowex A-l, et l’on a passe en revue les mecanismes d’absorption 
possibles. L’adsorption relative suit la drie Zn(II) > Co(I1) = 
Fe(III) > Cu(II) > Mn(II). Une adsorption negligeable se produit 
avec Cr(II1) et elle est nulle avec V(IV) et Ni(I1). L’adsorption maxi- 
male du Zn(II) est obtenue a partir d’acide chlorhydrique 3M et, pour 
les autres metaux, a partir d’acide 8M. 
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Micro and semi-micro determination of organic nitrogen 
by use of potassium bromate 

(Received 31 October 1967. Accepted 11 January 1968) 

IT has already been show+* that the distillation step in the Kjeldahl method can be eliminated by 
titrimetric and calorimetric methods, but most of the titrimetric methods suffer from draw-backs. 
The formaldehyde methoda-* is not satisfactory because of reversibility and the involved procedure. 
Hypobromiteg-14 is not stable at room temperature and must be kept at temperatures below 5” to 
avoid loss of bromine; in any case, the results are erratic.16-1s Calcium hypochloritel’ and more 
recently, sodium hypochlorite, have been used by various workers .1*-*8 The reagents are more stable 
than hypobromite and behave just like it in the presence of potassium bromide. However, although 
the hypochlorite method is rapid, accurate and suitable for multiple nitrogen determinations, and 
@2N hypochlorite in sodium hydroxide remains unchanged for a week when kept in a dark bottle 
at room temperature, it is still customary to standardize the reagent dailv before use. 

The drawbacks of these methods can be circumvented by t&e application of a method due to 
Kiiszegi and Salgo,** in which hypobromite is produced in situ from a standard solution of bromate 
in the Schulek bromination flask .*& The method has already been applied to the determination of 



559 

Summary-A study has been made of the adsorption of chloro- 
complexes of the first row transition metals by the chelating resin 
Dowex A-l, and possible mechanisms for adsorption have been 
reviewed. Relative adsorption follows the series Zn(I1) > Co(II) = 
Fe(III) > Cu(II) > Mn(I1). Negligible adsorption occurred with 
Cr(III) and none with V(IV) and Ni(I1). Maximum adsorption of 
Zn(I1) occurred from 3M hydrochloric acid and for the other metals 
from 8M acid. 

Zusammenfassung-Die Adsorption von Chlorokomplexen der 
Metalle der ersten Ubergangsreihe an dem chelatbildenden Harz 
Dowex A-l wurde untersucht und eine Ubersicht tlber die moglichen 
Adsorptionsmechanismen gegeben. Die relative Adsorption folgt 
der Reihe Zn(II) > Co(I1) = Fe(II1) > Cu(II) > Mn(II). Cr(II1) 
wird in vernachlassigbarem AusmaB adsorbiert, V(N) und Ni(I1) 
gar nicht. Zn(I1) wurde aus 3M Salzsaure maximal adsorbiert, die 
anderen Metalle aus 8M Salzsaure. 

R&mu%-On a effectd une etude sur l’adsorption de chloro-complexes 
des metaux de transition de la premiere rang&e par la &sine chelatante 
Dowex A-l, et l’on a passe en revue les mecanismes d’absorption 
possibles. L’adsorption relative suit la drie Zn(II) > Co(I1) = 
Fe(III) > Cu(II) > Mn(II). Une adsorption negligeable se produit 
avec Cr(II1) et elle est nulle avec V(IV) et Ni(I1). L’adsorption maxi- 
male du Zn(II) est obtenue a partir d’acide chlorhydrique 3M et, pour 
les autres metaux, a partir d’acide 8M. 

REFERENCES 

1. C. Heitner-Wirguin and G. Markovits, J. Phys. C/rem., 1963, 67,2263. 
2. A. I. Vogel, Text-Book of Quantitative Inorganic Analysis, 3rd Ed., Longmans, London, 1962. 
3. H. Loewenschuss and G. Schmuckler, Talanta, 1964,11,1399. 
4. R. Hering, J. Prakt. Chem., 1966,31,320. 
5. K. A. Kraus and G. E. Moore, J. Am. Chem. Sot., 1953,75,1460. 
6. K. A. Kraus and F. Nelson, Proc. Znt. Conf. Peaceful Uses At. Energy, Geneva, 1955,113. 
7. G. Schmuckler, Talanta, 1966,12,281. 
8. Y. Marcus, Co-ordin. Chem. Rev., 1967,2,257. 

T&ma. 1968. Vol. 15, pp. 559 to 562. Pergamon Press. Printed in Northern Ireland 

Micro and semi-micro determination of organic nitrogen 
by use of potassium bromate 

(Received 31 October 1967. Accepted 11 January 1968) 

IT has already been show+* that the distillation step in the Kjeldahl method can be eliminated by 
titrimetric and calorimetric methods, but most of the titrimetric methods suffer from draw-backs. 
The formaldehyde methoda-* is not satisfactory because of reversibility and the involved procedure. 
Hypobromiteg-14 is not stable at room temperature and must be kept at temperatures below 5” to 
avoid loss of bromine; in any case, the results are erratic.16-1s Calcium hypochloritel’ and more 
recently, sodium hypochlorite, have been used by various workers .1*-*8 The reagents are more stable 
than hypobromite and behave just like it in the presence of potassium bromide. However, although 
the hypochlorite method is rapid, accurate and suitable for multiple nitrogen determinations, and 
@2N hypochlorite in sodium hydroxide remains unchanged for a week when kept in a dark bottle 
at room temperature, it is still customary to standardize the reagent dailv before use. 

The drawbacks of these methods can be circumvented by t&e application of a method due to 
Kiiszegi and Salgo,** in which hypobromite is produced in situ from a standard solution of bromate 
in the Schulek bromination flask .*& The method has already been applied to the determination of 



560 Short communications 

non-protein nitrogen in serum .*B 
in organic compounds. 

We describe here a convenient flask for determination of nitrogen 

EXPERIMENTAL 

Apparatus 

A 250-ml round-bottom flask, with a B19 neck fitted with a 15-cm tube attached to a Bl9 cone, 
is used both for the micro and the semi-micro procedures. The flask, when fitted with the cone, is 
used for digestion. Afterwards the cone is replaced with an N-shaped tube (Fig. 1) and the same flask 
is used for titration. 

FIG. 1 

Procedures 

Micro-determination of nitrogen. Weigh 5-10 mg of the sample accurately into the flask. Add 
0.7 g of the catalyst (a mixture of 0.625 g of potassium sulphate and 0.075 g of mercury(H) sulphate) 
and 3 ml of concentrated sulphuric acid. Attach the cone to the flask and digest its contents for 
l-2 hr. For nitro, nitroso and azo compounds, add 0.2-0.3 g of glucose and 4 ml of sulphuric acid 
before the digestion. Cool and dilute the digest by rinsing the cone with 25 ml of distilled water. 
Place the flask in cold water, and run in 20 ml of 0+)4N potassium bromate. Place 25 ml of 25 % 
sodium hydroxide solution in the N-tube and stopper its upper end. Add 0.5 g of potassium bromide 
and immediately fit the stoppered N-tube. By slightly tilting the flask allow the sodium hydroxide 
solution to flow gradually into the cold acidic solution below. Shake the contents of the flask and 
allow it to stand for 20 min. Add 6 ml of 7M hydrochloric acid directly to the flask and immediately 
attach the N-tube containing 10 ml of freshly prepared 10% potassium iodide solution. Run in the 
iodide solution 5 min after addition of the hydrochloric acid. After another 5 min titrate the liberated 
iodine with 002N sodium thiosulphate, using starch as indicator. Do a blank determination under 
identical conditions. 

Semi-micro determination of nitrogen. Weigh 30-50 mg of the sample and digest with 2.8 g of the 
catalyst and 6 ml of concentrated sulphuric acid. Use 1 g of glucose and 10 ml of sulphuric acid for 
compounds requiring reduction. Add 20 ml of O.lN potassium bromate and 1 g of potassium bromide 
for the liberation of bromine, and 25 ml of 50 % sodium hydroxide solution for neutralizing the acid 
and for converting bromine into hypobromite. The rest of the reagents are: 20% potassium iodide 
solution, 10 ml; 7M hydrochloric acid, 12 ml; 0.05N sodium thiosulphate. 

1 ml O.lN KBrO, = 0.4667 mg Na 

DISCUSSION 

This method is superior because there is no need to prepare fresh solutions of hypohalites or to 
standardize the solutions daily before use. The method is quite elegant; potassium bromate is a 
primary standard, its neutral solution is indefmitely stable, and no special indicators are required. 
The acidic digest does not require to be carefully neutralized as in the previous methods. Potassium 
bromate and bromide are directly added to the cold acidic digest and the liberated bromine is con- 
verted into hypobromite in situ by the addition of an excess of sodium hydroxide. Arsenite cannot be 
used as the titrant, because of the inapplicability of indicators such as Bordeaux and tartrazine. 
Sodium thiosulphate solution, which is stable either at pH 9-10 or with a few drops of chloroform 



Short communications 561 

added, is used instead. The special N-tube prevents loss of bromine, and converts the digestion- 
cum-titration flask into a bromination flask. The apparatus is easier to fabricate and handle than 
various special bromination flasks.87 

The results for micro and semi-micro determinations (Table I) are correct within the experimental 
error. Nevertheless, the accuracy is governed by the completeness of the digestion of organic com- 
pounds. Results were invariably higher if digestion was incomplete, showing that some bromine was 
consumed in the destruction of oxidizable matter still left in the digest. 

TABLE L-RECOVERY OF NITROGEN 

Compounds Required, 
% 

Found 

Micro method, Semi-micro method, 
% % 

Ammonium sulphate 21.21 21.0, 21~3 
Phenacetin 7.82 7.8, 7.9 
Hippuric acid 7.82 7.8, 78 
S-Hydroxyquinoline 9.65 9.5, 9.7 
Acetanilide IO.36 105, 10.3 
Quinine sulphate 7.16 7.1, 7.2 
Atropine 484 4.86,47 
Diphenylamine 8.28 8.1, 8.2 
Dr.-Alanine 15.72 15.6, 15.8 
a-Nitroso &naphthol 8.09 8.1, 8.2 
p-Nitroaniline 20.29 204, 20.3 
o-Nitrobenzoic acid 8.38 8.2, 8.4 
Azobenzene 15.38 15.6, 15.3 

21.1, 21.1 
8.0. 7.9 
7.7; 7.9 
9.8, 9.6 

10.6, 10.3 
7.0, 7-l 
5.0, 4.7 
8.2, 8.1 

15.9, 15.6 
8.2, 8.2 

20.3, 20.2 
8.2, 8.3 

15.5, 15.3 
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Summary-After Kjeldahl digestion of an organic compound, nitrogen 
is determined by oxidation of the resultant ammonium sulphate with 
hypobromite produced in situ by the addition of an excess of potassium 
bromate and bromide in a special flask. The unreacted potassium 
bromate is determined iodometrically. 

Zusannnenfassunt-Nach dem KjeldahlaufschluB einer organischen 
Verbindung wird Stickstoff durch Oxidation des entstandenen Am- 
moniumsulfats mit Hypobromit bestimmt. Dieses wird in situ durch 
Zugabe von tiberschtissigem Kaliumbromat und Bromid in einem 
Spezialkolben erzeugt. Das nicht verbrauchte Kaliumbromat wird 
jodometrisch bestimmt. 

R&m&-Apres digestion Kjeldahl dun compose organique, on dose 
l’azote par oxydation du sulfate d’ammonium resultant avec de 
l’hypobromite produit in situ par l’addition d’un ex&s de bromate et 
de bromure de potassium dans une fiole speciale. Le bromate de 
potassium qui n’a pas rtagi est determine par iodombtrie. 
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The 1:3 uraniumo-&hydroxyquinoline compound: its composition and thermal 
conversion into bis(8-hydroxyquinolinato)dioxouranium(VI) 

(Received 29 November 1967. Accepted 15 January 1968) 

UNDER appropriate conditions, reaction between uranium(V1) ,and 8-hydroxyquinoline in aqueous 
solution yields a red compound with the assigned formula UO&,H~NO)B*CIH,N0.1-6 The 
compound has been reported in the literature many timesa-1B and the 3 : 1 oxine: uranium composition 
has become accepted. 

In the course of studies on the structure of the red compound.‘g we noted that our analytical data 
consistently indicated a composition that was just lower than 3 : 1. Since the method of preparation 
was and that has been very widely used by other workers, we investigated this observation more 
closely. The present report provides evidence that the red compound prepared according to reference 5 
is indeed slightly non-stoichiometric. 

The preparation of bis(8-hydroxyquinolinato)dioxouranium(VI), UO,(C,H,NO),, by the thermal 
conversion of the red compound has been often reported.*-0~11-1a~16~1T Surprisingly, however, the 
degree of experimental control required for the preparation of thepure bis complex has received little 
attenrion, and analytical data supporting the reported composition of the product are scanty. Many 
investigators have used a procedure& which recommends a heating period of 48 hr at 210-215”. In 
our work, we found that this procedure leads to partial decomposition of the bis complex. In the 
present report, we describe conditions that successfully yield the pure bis complex. 

EXPERIMENTAL 

Uranyl nitrate hexahydrate (Analar grade, B.D.H.) was used without further purification. 
I-Hydroxyquinoline (Certified Grade, Fisher Scientific Co.) was purified by sublimation before use. 
All other chemicals were of sufficient purity for the purpose intended. The red compound was 
prepared by the method of Moeller and Wilkins .5 After filtration and washing with a small volume of 
ethyl alcohol and several small portions of distilled water, the compound was dried in a stream of air 
for 1 hr, and then kept for 24 hr in a desiccator containing anhydrous magnesium perchlorate. The 
8-hydroxyquinoline (HQ) and the uranium contents were estimated by bromometric titrationa and 
ignition to UgOs,18 respectively. From the data, the HQ:U molar ratio in the red compound was 
determined (Table I). 
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UNDER appropriate conditions, reaction between uranium(V1) ,and 8-hydroxyquinoline in aqueous 
solution yields a red compound with the assigned formula UO&,H~NO)B*CIH,N0.1-6 The 
compound has been reported in the literature many timesa-1B and the 3 : 1 oxine: uranium composition 
has become accepted. 

In the course of studies on the structure of the red compound.‘g we noted that our analytical data 
consistently indicated a composition that was just lower than 3 : 1. Since the method of preparation 
was and that has been very widely used by other workers, we investigated this observation more 
closely. The present report provides evidence that the red compound prepared according to reference 5 
is indeed slightly non-stoichiometric. 

The preparation of bis(8-hydroxyquinolinato)dioxouranium(VI), UO,(C,H,NO),, by the thermal 
conversion of the red compound has been often reported.*-0~11-1a~16~1T Surprisingly, however, the 
degree of experimental control required for the preparation of thepure bis complex has received little 
attenrion, and analytical data supporting the reported composition of the product are scanty. Many 
investigators have used a procedure& which recommends a heating period of 48 hr at 210-215”. In 
our work, we found that this procedure leads to partial decomposition of the bis complex. In the 
present report, we describe conditions that successfully yield the pure bis complex. 

EXPERIMENTAL 

Uranyl nitrate hexahydrate (Analar grade, B.D.H.) was used without further purification. 
I-Hydroxyquinoline (Certified Grade, Fisher Scientific Co.) was purified by sublimation before use. 
All other chemicals were of sufficient purity for the purpose intended. The red compound was 
prepared by the method of Moeller and Wilkins .5 After filtration and washing with a small volume of 
ethyl alcohol and several small portions of distilled water, the compound was dried in a stream of air 
for 1 hr, and then kept for 24 hr in a desiccator containing anhydrous magnesium perchlorate. The 
8-hydroxyquinoline (HQ) and the uranium contents were estimated by bromometric titrationa and 
ignition to UgOs,18 respectively. From the data, the HQ:U molar ratio in the red compound was 
determined (Table I). 
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TABLE I.-ANALYSIS OF THE RED COMPOUND 

Condition 

Dried without 
heating 

50 % excess of HQ ; 
dried without 
heating 

U, % 

33*94t 
kO.03 

33.88:. 
rto.03 

HQ,* % Molar ratio 
(as Q-1 HQ:U 

6088t 2963 
rtO.04 *to+03 

60.88:: 2.968 
ho.08 &OX)06 

* HQ = I-hydroxyquinoline. 
t Average of 11 results, error is the standard error @/&).a1 
7 Two results. 
$ Three results. 
For UO&HsNO)pCgH,NO, U = 33.84% and HQ, expressed as Q- = 61.47%. 

Samples of the red compound were also taken for the determination of the ratio of sublimed 
I-hydroxyquinoline to the residual bis compound obtained on thermal conversion. The conversion 
was effected quantitatively by heating (oil-bath) 500-700 mg of the red compound at 210-215’ for 
4 hr in wcuo (0.1 mm Hg). The sublimed 8-hydroxyquinoline was collected as a compact deposit in 
the initial portion of a U-tube immersed in a dry-ice bath. In all cases, a very small droplet of moisture 
was noted below the deposit of I-hydroxyquinoline in the U-tube. The deposit and the residual bis 
compound were separately dissolved in 4M hydrochloric acid and determined bromometrically, and 
the ratio HQ:UO,Q, was calculated (Table II). In a similar experiment, only the proportion of 
sublimed HQ was determined. 

TABLE II.-MOLAR RATIO HQ:UO,Q, IN THE RED COMPOUND 

HQ sublimed, UOsQn residue, Molar ratio 

W W HQ:UOeQa 

61.1 245.5 0.957 
306 121.2 0969 

The same thermal procedure was used to prepare the pure bis compound. 
and uranium contents were determined as described above. 

The 8-hydroxyquinoline 

DISCUSSION 
The data in Table I indicate that the red compound is slightly deficient in 8-hydroxyquinoline, at 

least when prepared by the method6 used in this work. The samples were dried without heating, to 
ensure that not a trace of the thermally volatile neutral ligand was lost owing to drying at an elevated 
temperature. The possibility that the deficiency is caused by hydrolysis of a small amount of the uranyl 
ion during precipitation was investigated by increasing the excess of reagent from 13 to 50%. The 
results were unaffected; further experiments with excesses that approach the solubility limit of 8- 
hydroxyquinoline should be made. Because of the mild drying conditions used, it is likely that the 
samples retained traces of moisture. Although the presence of moisture would lower the proportions 
of both U and Q- in the red compound, it would not affect the molar ratio of the species. 

The data in Table II, obtained by determining the relative amounts of sublimed I-hydroxyquinoline 
and the bis compound, are in excellent agreement with those in Table I. That the red compound did 
retain traces of moisture was contirmed by the presence of the very small droplet condensed in the 
U-tube below the 8-hydroxyquinoline deposit. If it is assumed that the deficient 8-hydroxyquinoline 
is replaced by coordinated water, the formula of the red compound can be written asUO,(C&NO),* 
0*96CpH,N0 * 0@4HB0. From the weights taken of the red compound (307.9 and 152.2 mg), calcula- 
tion shows, however, that the bulk of the observed droplet must have been present in the red com- 
pound as unbound moisture (0.3-0.4 mg of moisture per 100 mg). 

The validity of the conclusions depends heavily on the accuracy of the analytical determinations, 
since the effect being sought is small. In tests with known amounts of purified 8-hydroxyquinoline, 
the absolute error of the bromometric method did not exceed rtO.1 mg. For the data in Table I, it 
can be shown that when the weights (100-135 mg) of the red compound are corrected for the presence 
of moisture (-04mg). the deficiency of 8-hydroxyquinoline being sought is O-7-0-9 mg. The 
bromometric error represents 11-15 % of this range. A corresponding test for the accuracy of the 
uranium determination could not be devised, but the experimental value (33.94 %) agrees excellently 
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with the value expected (33.95 %) for the non-stoichiometric compound containing 0.4% moisture. 
The statistical t-test indicates that the difference between the experimental value and the value for a 
3 : 1 composition (33.84 %), although small, is significant. 

For the two samples in Table II, the deficiencies in I-hydroxyquinoline were 2.1 and I.0 mg. 
Similarly, in experiments in which onlv the nronortion of sublimed HO in the red comoound was 
determined, thddeficiency was about 3%5 mg $or sample weights of about 500-700 mg$. In these 
experiments, the average of 4 results was 19.92 f 0.05 % (standard error). Based on a true 1: 3 
compound containing 0.4 % moisture, the theoretical proportion of sublimed HQ is 20.55 %; for a 
compound with the composition UOI(CIHBNO)% - 0*96CBH,N0 - 0.04HI0 and containing 0.4 % 
moisture, the sublimed HQ is 19*87x, considerably closer to the experimental result. 

Since the three methods of analysis give essentially the same result, we conclude that the red com- 
plex, prepared as described, is slightly deficient in I-hydroxyquinoline. Claassen and Visseti also claim 
to have prepared the red compound with a small deficiency in I-hydroxyquinoline. 

The deficiency can be readily explained by competition from coordinating ligands such as water 
or ammonia for the coordination site occupied by the neutral 8-hydroxyquinoline ligand. This 
ligand is bonded to the uranium atom through only the oxygen donor .sB The proton is on the nitrogen 
atom and is hydrogen-bonded to the oxygen of the neighbouring bidentate ligand.ls Competition by 
water and ammonia has been previously demonstrated in the case of U(VI) complexes of 7-sub- 
stituted derivatives of I-hydroxyquinoline. I8 In these complexes, steric interference from the 7- 
substituent prevents the stable attachment of the neutral ligand, and complexes with the composition 
UOI(R-CBH,NO)B.HIO and UOB(R-CgH,NO)s-NH, (R = methyl, t-butyl) are obtained. 

The data presented in this study suggest that one in about 25-30 uranium atoms is deficient in 
I-hydroxyquinoline. This effect is too small to allow detection of the competing ligand by infrared 
or X-ray methods. 

It should be possible to prepare an exactly 1: 3 compound by using pH values either below or 
above the range (4.9-5.2) used in this study. If the ligand in its fully protonated form (I&Q+) reacts 
with the uranium and the phenolic proton is released during the formation of the U-Q bond, 
preparation of a stoichiometric compound would be favoured by a lower pH since the concentration 
of H,Q+ would be higher. On the other hand, if the neutral species HQ is involved and the yhenolic 
proton is transferred to the nitrogen atom during the formation of the U-O bond, the stoichiometric 
compound would be favoured by a higher pH. Judging from the observation by Bordner et ~1.‘~ that 
at pH 6.8 an orange-red compound with the composition [UO,(C,H,NO),]C,H,NO is precipitated, 
while at pH 5.0 the red 1: 3 compound is obtained, it appears that a lower rather than a higher pH 
value would favour the formation of the true 1: 3 compound. 

Initial attempts to prepare the pure bis compound UO&!,HBNO)z thermally, were based on a 
procedures involving heating the red compound in air at 210-215” for 48 hr. Analysis of the product 
gave the following results: U, 44.63 rt @06x (2 results; theoretical, 4264%); HQ as Q-, 46.86 f 
0.06% (3 results; theoretical, 51.63 %). These results show that appreciable decomposition of the 
bis compound has occurred. The use of shorter heating times resulted in compositions closer to the 
theoretical but the pure bis compound could not be obtained. 

The pure bis compound can be easily prepared by heating the red compound (500-700 mg) 
in aucuo at 210-215” for 4 hr (for 10 results. U. 42.52 f O+MYL: 0-. 51.50 f 0.04%: molar ratio 
Q-: U, 2.001 f 0.002). A d 1 re co our was still discernible after 2 hr. bar smaller sam$es, complete 
conversion would likely require less than 4 hr. Heating periods up to 37 hr have little effect on the 
composition of the bis compound. The advantage in preparing the bis compound in vacua rather 
than in an oxidizing atmosphere is readily apparent. 

These results do not contradict those of earlier TGA and DTA studies7,8*1**1a in which it was 
shown, for example, that now eight loss occurs up to 220”. The experimental conditions of the TGA 
and DTA studies are different to those used in the present study, so that an exact correspondence in 
the temperature of a thermal reaction is not to be expected. 

In view of the knowledge now available regarding the structure of the red compound,lg*** it is 
worth commenting on the endothermic DTA peak at 150” observed by Horton and Wendlandt.” 
These workers speculated that this peak was due to a rearrangement reaction rather than to a reaction 
involving the elimination of a gas, since a gaseous product could not be detected. We feel that this 
interpretation is basically correct and suggest that the endothermic peak corresponds to rupture of 
the hydrogen bond stabilizing the neutral ligand,lO and to any subsequent rearrangement of this 
ligand or of the complex as a whole. 
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Summary-Evidence is provided to show that in the red compound 
formed between uranium(V1) and 8-hydroxyquinoline, the ligand-to- 
uranium ratio is slightly lower than 3: 1, at least when the compound 
is prepared by a \;ideiy accepted procedure. Competition between 
8-hvdtoxvauinoline and other liaands such as water or ammonia is 
probably’r&ponsible for the no&oichiometry. Further, it is shown 
that a procedure frequently used for the thermal conversion of the red 
compound into bis(8-hydroxyquinolinato)dioxouranium(VI) yields a 
compound in which the ligand-to-uranium ratio is less than 2: 1. 
Conditions which lead to the thermal preparation of the stoichiometric 
bis compound are described. 

Zusammenfassnng-Es werden Beweise daftir vorgebracht, da13 in 
der roten Verbindune aus Uran(V1) und 8-Hvdroxvchinolin das 
VerhIltnis L&and : U& etwas kleiner als 3 : 1 ist, minde&ens wenn die 
Verbindung nach einer weithin angewandten Vorschrift dargestellt 
wird. Fur die Abweichung von der Stiichiometrie ist vermutlich die 
Konkurrenz zwischen I-Hydroxychinolin und anderen Liganden wie 
Wasser oder Ammoniak verantwortlich. Es wird femer gezeigt, d& 
eine oft zur therm&hen Umwandlung der roten Verbindung zu 
Bis(8-hydroxychinolato)dioxouran (VI) verwendete Vorschrift ein 
Produkt liefert, in dem das Verhaltnis Ligand:Uran etwas kleiner als 
2: 1 ist. Es werden Bedingungen angegeben, die die stochiometrische 
Bis-Verbindung thermisch herzustellen gestatten. 

R&nm&-On apporte des arguments pour montrer que, dans le com- 
uoset rouge forme entre l’uranium(V1) et la 8-hvdroxvauinoleine. le 
ianport liiand-uranium est l&eremknt’plus faibli que 3 II, au moms 
lo;ique leiompose est prepare-par une technique generalement admise. 
Une comnetition entre la I-hvdroxvauinoleine et d’autres lieands tels 
que l’eau’ou l’ammoniaque e’st prdb’ablement responsable & la non- 
stoechiometrie. De plus, on montre qu’une technique frequemment 
utilisee pour la conversion thermique du compose rouge en bis(& 
hydroxyquinolBinato)dioxouranium(VI) fournit un compose dans 
lequel le rapport ligand-uranium est inferieur a 2:l. On d&it les 
conditions menant a la preparation du bis-compose stoechiometrique. 
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Application of electrolumiuescence techniques to the determination of 
aromatic hydrocarbons 

(Received 22 June 1967. Revtied 26 October 1967. Accepted 12 January 1968) 

Tns electrically stimulated emission of radiation in solution, known as electroluminescence, has been 
widely observed, tea but only very recently has any serious attempt been made to elucidate the mechan- 
ism of the process.*+ Electroluminescence may be observed for hydrocarbons when a small-amplitude 
alternating voltage is applied between two inert electrodes immersed in a solution of the compound 
in a non-aqueous solvent. Emission is obtained which is characteristic of the solute, and can fre- 
quently be modified in colour and intensity by alteration of the solvent, the supporting electrolyte, 
and the wave-form of the signal applied. 

Up to the present no evaluation of the analytical potential of this technique has been reported, 
although the application of electroluminescence to organic trace analysis shows considerable promise. 
This paper presents the results of an investigation of the electroluminescence of some aromatic 
hydrocarbons, and its use for their detection and determination. 

EXPERIMENTAL 

Apparatus 

Electroluminescence and fluorescence measurements were made with a double monochromator 
spectrofluorimeter (American Instrument Co.). A fused quartz cell (10 x 10 mm) was used with the 
electrode assembly shown in Fig. la. This assembly is sealed through a Teflon block which forms 

(0) Spiro1 type: 

Degossmg tube\ 

5 
IClll 

I - Gloss beod 

(b) Grid type 
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otlnum 
re grids 
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FIG. 1 .-Electrode assemblies employed. 
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the lid of the cell. The electrodes consist of a 10 mm length of platinum wire (OG@4 in. diameter), 
insulated from the helix (4 mm diameter) of platinum wire which surrounds it. A nitrogen delivery 
tube for deoxygenation is mounted immediately below the electrode assembly. The electrodes are 
placed in the cell so that the assembly is at the focus of the emission monochromator and photo- 
multiplier optical arrangement. An a.c. voltage of 3 V (50 cps) was supplied to the electrodes from 
the laboratory mains supply via a step-down transformer. 

Reagents 

Solvent. Dimethylformamide (DMF), laboratory reagent grade, was used throughout without 
further purification. 

Electrolytes. Lithium chloride, tetramethylammonium chloride and tetrabutylammonium 
bromide, laboratory reagent grade, were used without further purhication, with the exception that 
the lithium chloride was oven-dried at 100” before use. Tetra-n-butylammonium perchlorate was 
prepared by acidification of tetra-n-butylammonium hydroxide with 70% perchloric acid, and re- 
crystallized from a water-methanol mixture. 

Nitrogen. White-spot nitrogen (British Oxygen Co., Ltd.). Residual oxygen was removed by 
scrubbing the gas with an alkaline solution of anthraquinone-2-sulphonic acid (2% in 2M sodium 
hydroxide). The nitrogen was then dried by bubbling through concentrated sulphuric acid and over 
magnesium perchlorate, and finally saturated with the solvent by bubbling through dimethylform- 
amide. 

Hydrocarbons. Anthracene, pyrene, 9-phenylanthracene and coronene were prepared as lo-*M 
solutions in dimethylformamide. The rubrene was used as a 5 x 10-&M solution in diiethylform- 
amide. 

General procedure 

The hydrocarbon solution (2.5 ml) containing electrolyte was placed in the quartz cell and 
deoxygenated with a fast stream of nitrogen for three minutes. The voltage was then applied to the 
electrodes, and the electroluminescence spectrum recorded over the required wavelength range, with 
wide slits (20 rnp band-width) in the emission monochromator. The fluorescence emission spectrum 
was then recorded for the same solution at the same resolution. These spectra were recorded at the 
wavelength of maximum excitation established experimentally. 

RESULTS AND DISCUSSION 

Figure 2 shows the results obtained for the hydrocarbons examined. The electroluminescence 
spectra are superimposed on the fluorescence emission spectra obtained under the same conditions. 
The spectra are uncorrected for the characteristics of lamp emission and photomultiplier response. 
The relevant correction curves appear elsewhere .6 The shape and intensity of the spectra confirm 
the general observations of Chandross et a1.O who suggested that two related pathways are possible 
for the interaction between the anodic oxidation product R+ and the cathodic reduction product R- 
of the hydrocarbons. If the reaction R+ + R- -+ R + R* occurs to produce a singlet or triplet 
excited hydrocarbon monomer molecule, the electroluminescence spectrum obtained resembles that 
of the normal fluorescence of the hydrocarbon. This type of reaction may be postulated from the 
results shown in Fig. 2 for rubrene. Rubrene is non-planar and possesses large bulky substituents, 
and thus the possibility of excimer’ formation is unlikely. The reaction R+ + R- + (R,)*, which 
results in excimer formation has also been suggested to explain the electroluminescence of hydro- 
carbons.6 The excimer emission is characterized by a broad structureless band shifted towards the 
red from the normal fluorescence emission maximum. Chandross suggests that excimer formation 
via this reaction path is favoured by molecules which are planar and do not possess bulky substituent 
groups. The results for anthracene suggest that excimer formation occurs for this hydrocarbon. 
Where excimer formation is possible, the shape and intensity of the electroluminescence spectrum 
is affected by several factors. The dependence of the shape of the spectrum on the nature of the electro- 
lyte used is illustrated for anthracene in Fig. 2 ( spectra 5 and 6). The extent of stirring of the solution 
can also influence the spectra obtained. For coronene, for example, Fig. 2 (spectrum 4) shows that 
with adequate stirring the electroluminescence emission resembles the emission from the monomer 
state, whereas with an inadequately stirred solution the emission is shifted towards the red where 
excimer emission would be expected. 

From the point of view of organic trace analysis, it is apparent from the results obtained that the 
selectivity of the electroluminescence technique applied to the analysis of hydrocarbons must ulti- 
mately be superior to that of conventional spectrofluorimetry, owing to the facility with which the 
resolution can be increased by alteration of the solution and electrical parameters. The sensitivity 
of the technique depends principally on the instrumental arrangement employed. With the present 
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FIG. 2.-Electrohnninescence and fluorescence spectra obtained. 
(1) 9-Phenylanthracene, 10-8i’K in DMF. u-Fluorescence emission spectrum 
(excitation at 320 mp); &electroluminescence (E.L.) emission spectrum, tetrabutyl- 
ammonium perchlorate electrolyte (lo-*M), 3 V a.c., continuous stirring. 
(2) Rubrene, 5 x lo-%4 in DMF. a-E.L. emission spectrum, tetrabutylammonium 
perchlorate (lO-sM), 3 V a.c., continuous stirring; &fluorescence emission spectrum 
(excitation at 430 mp). 
(3) Pyrene,lO-*M in DMF. n-Fluorescence emission spectrum (excitation at 355 mp); 
&E.L. emission spectrum, tetrabutylammonium bromide electrolyte, 6 V a.c., con- 
tinuous stirring. 
(4) Coronene, 10-8M in DMF. u-Fluorescence emission spectrum (excitation at 
365 m,u); &E.L. emission spectrum, tetrabutylammonium perchlorate electrolyte, 
3 V a.c., continuous stirring; c-as b but without stirring. 
(5) Anthracene, lO-8M in DMF. a-Fluorescence emission spectrum (excitation at 
365 mp); b-E.L. emission spectrum, tetrabutylammonium perchlorate, 3 V a.c., 
continuous stirring. 
(6) Anthracene, 10-8M in DMF. a-E.L. emission spectrum in tetramethylammonium 
chloride electrolyte, 3 V ac., continuous stirring; k-E.L. emission spectrum, lithium 
chloride electrolyte (10-8M), 3 V a.c., continuous stirring. 
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FIG. 3.-Electroluminescence calibration curves for (a) anthracene, (b) %phenyl- 
: anthracene, (c) pyrene, (d) coronene in DMF (3 V a.c. applied voltage). 

apparatus-and electrode assembly the sensitivities obtainable are unfavourable compared with those 
which can be obtained for the spectrofluorimetric determination of the same hydrocarbons with the 
same equipment. The sensitivity of the apparatus for fluorescence measurements relies on the intense 
excitation source (xenon arc) employed, and the monochromator and photomultiplier optical 
arrangement are relatively inefficient when the same apparatus is used for electroluminescence studies. 
Calibration curves at the wavelength of maximum electroluminescence were obtained with the 
electrode assembly shown in Fig. la. The calibration curves initially obtained appeared to be linear, 
but the precision of the measurements was low owing to stray light and high noise levels. Under 
carefully controlled conditions the precision of the intensity measurements was improved, and the 
calibration data shown in Fig. 3 were obtained. These curves are non-linear, but are reproducible 
and therefore of analytical utility. A log-log plot of the data gave a linear relationship for each of the 
compounds studied. Reliable quantitative measurements were not possible for rubrene under the 
conditions employed, owing to rapid discoloration of the solution. The quantitative aspects of the 
processes which occur at the electrodes to give rise to the observed relationship between electro- 
luminescence intensity and the concentration are at present being studied. Our preliminary results 
for experiments similar to those reported here, but made with a different electrode assembly (Fig. lb) 
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viewed by a similar photomultiplier through a narrow band-pass interference monochromator, 
reveal that similar spectra can be recorded and calibration data obtained for 10-‘-10-6M solutions. 

One of the factors which at present limits the application of electroluminescence to organic 
analysis is the small range of compounds which have been found to exhibit the effect. We have 
shown, however, that the method can be extended to the detection of aromatic amines and phenols 
which normally do not show significant electroluminescence, e.g., 2-naphthylamine and l-naphthol, 
by methylation of the deactivating group. These studies will be reported in a later commumcation. 

Acknowledgement-We are grateful to British American Tobacco Co. Ltd., for the loan of the spectro- 
fluorimeter used in this work. 
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Summary-An account is given of the quantitative determination of 
certain fused-ring aromatic hydrocarbons by means of the electro- 
luminescence induced by application of a small a.c. voltage to inert 
electrodes placed ina solution of the hydrocarbon in dimethylformamide. 

Zusammenfassung-EswirdeineUbersicht gegebeniiberdiequantitiitive 
Bestimmung einiger aromatischer Kohlenwasserstoffe mit konden- 
sierten Ringen mit Hilfe der Elektrolumineszenz, die durch Anlegen 
einer kleinen Wechselspannung an inerte Elektroden in einer Liisung 
des Kohlenwasserstoffs in Dimethylformamid erzeugt wird. 

R&a&--On pr6sente un compte-rendu sur la determination quanti- 
tative de certains hydrocarbures aromatiques a noyaux condenses, 
au moyen de IUectroluminescence induite par application d’un faible 
voltage en courant alternatif a des electrodes inertes placees dam une 
solution de l’hydrocarbure en dimbthylformamide. 
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Spectrofluorimetric determination of microgram amounts of lead 

(Received 1 November 1967. Accepfed 10 January 1968) 

THE fluorescence of lead and thallium in concentrated chloride media was first reported by Pringsheim 
and Voge1s.l The spectrofluorimetric determination of thallium by means of the violet fluorescence 
of thallium(I) in the presence of potassium chloride in concentrated hydrochloric acid has been 
reported,* Lead, copper(I), tin(H) and cerium(II1) also show characteristic fluorescence emission 
under similar conditions, but only the lead emission is of sufficient intensity to be analytically 
useful. Several spot-tests have been reported for the detection of lead which exploit the for- 
mation of insoluble fluorescent complexes of lead with organic reagents.* This communication 
describes the direct determination of microgram amounts of lead by means of the violet fluorescence 
obtained from lead(I1) under conditions similar to those used for the determination of thallium(I).* 
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EXPERIMENTAL 

Reagents 

All the reagents used were of analytical grade. Water from an all-glass distillation apparatus was 
used throughout. 

Lead(lZ) solution. A 10-sM lead nitrate stock solution was prepared and diluted to lO_‘M as 
required. 

Apparatus 

Fluorescence measurements were made with a Farrand spectrofluorimeter fitted with 20-rnp 
bandwidth slits in both the exciting and analysing monochromators; no filters were used. 

Calibration curve for lead 

To 20 ml of saturated aqueous potassium chloride solution (cu. 41M), 30 ml of water and 30 ml 
of concentrated hydrochloric acid in a lOO-ml volumetric flask, add accurately between 05 and 3.0 
ml of standard lo-‘M lead(I1) and dilute to volume with water. Measure the intensity of the fluor- 
escence at 480 m,u, with an excitation wavelength of 270 mp. The plot of fluorescence intensity 
against lead concentration (0.1-0.6 ppm) is a straight line which, after subtraction of the reagent 
blank, passes through the origin. 

Prepare and measure a blank and a 0.6 ppm standard with each group of samples. 

Spectral characteristics 
RESULTS 

Figure 1 shows the uncorrected excitation and emission spectra for the lead(E) ion in hydrochloric 
acid-potassium chloride solution. The correction curves appear elsewhere.* The excitation maxi- 
mum occurs at 270 rnp and the fluorescent emission maximum at 480 rnp. Figure 2 shows the un- 
corrected emission spectra of more dilute solutions at much increased sensitivity with wide (20-my) 
slits and no protective filters. The peaks at approximately 550 m,u and 350 rnp are attributed to 
second-order diffraction from the analysing monochromator grating and stray radiation within the 
monochromators. The tails of these peaks make up the blank fluorescence at 480 rnp. The signal at 
this wavelength is directly proportional to the lead concentration, but calibration curves plotted at 
this level of concentration pass above the origin. 

Effect of hydrochloric acid andpotassium chloride concentration 

The optimum hydrochloric acid and potassium chloride concentrations were found to be. almost 
identical with those reported for the determination of thallium(I), i.e., 3.3 and 0*8M respectively. 

Effect of time and temperature on fluorescence 
The fluorescence of a 4 x lo-“M lead solution prepared by the recommended procedure fell by 

21% over a period of 2 hr under fluorescent tube lighting and by 20% during 2 hr of continuous irradi- 
ation at 270 rnp in the spectrofluorimeter. It is thus quite important to measure the fluorescence 
within 15 min of mixing the solutions. 

Over the temperature range investigated, 10-40”, fluorescence intensity decreased with increase 
in temperature; the temperature coefficient was -1*2%/deg. All fluorescence measurements were 
made at 23 f 3” by comparison with standards prepared simultaneously, so that the temperature 
coefficient did not invalidate the results. 

Precision and accuracy 

The combined chemical and instrumental precision was estimated by repetitive measurement of 
the fluorescence of dilute lead solutions (0.6 ppm). The standard deviation indicated an overall 
precision of 1% for low concentrations. Results for synthetic sample solutions are shown in Table I. 

Effect of foreign ions 

The effect of 31 foreign ions (added in 50-fold molar excess as 0.01 M solutions) on the fluorescence 
of 60 pg of lead in pure solution was investigated. Ions were considered to interfere if they caused a 
variation of fluorescence intensity greater than *4x. The following ions did not interfere under 
these conditions: Ba, Ca, Cd, Cr(LII), Co, Fe(II), Hg(II), Mg, Mn(II), Ni, Ag, Sn(II), Sr, Ti(IV), 
Zn, citrate, fluoride, nitrate, oxalate, sulphate, sulphite, tartrate. The presence of a 50-fold excess of 
the following ions caused the error given in parentheses: Bi( -8 %), Cr(VI)( -33 %), Cu(II)( - 11x), 
Fe(III)(-44x), Mo(VI)(-26x), TI(I)(+lOO%), V(V)(-15x), ascorbic acid (-29x), meta- 
bisulphite (-34 %). Attempts were made to eliminate the interferences by the use of suitable masking 
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FIO. I.-Excitation and emission spectra (uncorrected) of lead complex in HCI-KCI 
solution. 

Lead 3.5 x 10-&M; sensitivity scale x 1. 
(a) Excitation spectrum (emission measured at 480 mp). 
(6) Emission spectrum (excitation wavelength 270 m,@_ 
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no. 2.-Emission spectra (uncorrected) in HCI-KC1 solution for low concentrations of 
lead under optimum conditions. 

Excitation wavelength 270 m,u; sensitivity scale X 0.1. 
Top curve, Pb, 10-6M. 
Bottom curve, blank. 
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agents. The interference of Cr(VI) was eliminated by reduction to Cr(III) by the addition of a 300- 
fold molar excess (relative to lead) of sulphite. The interferences from Fe(II1) and V(V) were removed 
similarly by the addition of lOO-fold and 150-fold molar excesses (relative to lead), respectively, of 
tin(I1) chloride (O*OlM solution) to the sample and standard solutions. Hydroxylamine, tin@) chlo- 
ride and sodium sulphite failed to eliminate the interference of copper and molybdenum(VI), but 
a negative error of less than 4% was found to be produced when a lO-fold molar excess of copper(H), 
j-fold molar excess of molybdenum(V1) or 30-fold molar excess of bismuth is present. Thallium(I) 
causes the most serious interference. This interference is not readily overcome by oxidation of the 
thallium(I) to thallium(III), and it is necessary to separate the thallium by ether extraction from 
hydrochloric acid as described previously. B Large amounts of copper may be separated from small 
amounts of lead by extraction of copper diethylammonium diethyldithiocarbamate from 2M hydro- 
chloric acid solution into chloroform.4 

TABLEI.-ANALYSISOFLEADSOLUTIONSTREATED ASIJNKNOWNSAMPLES 

Sample 

1 
2 

: 

2 

: 
9 

10 

Lead 

Present, pg Found, ,ug 

Error, Foreign ions, 

iug pg 

24.9 26., 
53.9 
45.6 ;:I 

37.3 37.8 
622 63aa 
20.7 20.1 
49.7 49.8 
415 43.6 
62.2 62.2 
53*9 49., 

+2 
0.0 

-1 
0.0 

+1 
0.0 

-0.4 
+2 

_i” 

Ba (2060) 
Mg (365) 
Sr (1314) 
Zn (981) 
Ni (881) 
Cd (1686) 

Cr(VI)(780), MnO(824) 
Ni(881), Fe(III)(838) 
Co(II)(884), Fe(III)(838) 
Co(W(884), V(W764) 

Discussion 

The sensitivity of the procedure, although not as great as that reported for thallium, is comparable 
to that obtainable by spectrophotometric methods. As the fluorescence is only observed in the 
presence of large amounts of alkali chloride and hydrochloric acid, the usual optical procedures for 
elucidation of the nature of the fluorescent complex cannot be applied. The work of Pringsheim and 
Vogelsr and Merritt, Hershenson and Roger@ suggests that the absorption spectrum observed for 
lead in chloride medium is characteristic of the species PbCl &*-, 
also responsible for the fluorescence emission. 

and this is most probably the species 
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G. F. KIRKBRIGHT 
C. G. SAW 

Summary-The violet fluorescence at 480 rnp of lead in concentrated 
hydrochloric acid-potassium chloride solution (excitation maximum 
270 rnp) provides a method for the spectrofluorimetric determination 
of 10-60 fig of lead. The optimum conditions for the determination 
have been established, and the effect of 31 foreign ions examined 
at the 50-fold molar excess level. The interference from iron(W) and 
vanadium(V) is eliminated by addition of tin(H) chloride, and that of 
chromium(W) by treatment with sodium sulphite. 

Zusannnenfassung-Die violette Fluoreszenz von Blei bei 480 nm in 
einer Losung aus konzentrierter Salzslure und Kaliumchlorid (An- 
regungsmaximum 270 M-I) bietet eine Methode zur spektrolluori- 
metrischen Bestimmung von 10-60 g Blei. Die optimalen Bedingungen 
fur die Bestimmung wurden ermittelt und der EinfluB von 31 Fremd- 
ionen bei 50-fachem molarem UberschuD untersucht. Die StBrung 
durch Eisen(II1) und Vanadium(V) wird durch Zusatz von Zinn(II)- 
chlorid beseitigt, die von Chrom(V1) durch Behandlung mit Natrium- 
s&it. 
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RCsum&La fluorescence violette du plomb 51 480 m,u en solution 
acide chlorhydrique concentrdchlorure de potassium (maximum 
d’excitation a 270 rnp) fournit tme methode de dosage spectro- 
fluorimetrique de 10-60 ,~g de plomb. On a etabli les conditions opti- 
males du dosage, et examine les effets de 31 ions &rangers 51 des teneurs 
molaires 50 fois en exces. L’interference du fer(II1) et du vanadium(V) 
est Bliminee par addition de chlorure d’btain(II) et celle du chrome(V1) 
par traitement au sulfite de sodium. 
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Determination of copper in geological material by neutron activation and 
gamma-gamma coincidence spectrometry 

THE feasibility of determining copper by activation analysis is dependent on the distribution of other 
elements, capable of activation, in the samples of interest. 
or trace element, and hence the activity of @Cu or 

In most cases copper is present as a minor 
Yu produced by neutron activation will be 

shielded by activities oiiginating from other elements present. In geological samples the most 
serious complication derives from 
the per cent level. 

UNa, formed by activation of sodium, which is usually present at 

Thoresen,’ using computer techniques for the analysis of gamma-spectra from soil samples, found 
a practical limit of detection for copper corresponding to a Na/Cu ratio of about lOa. Schmitt 
et al.’ determined amounts of copper of 30-170 ppm in meteorites with a sodium content of 0*2- 
0.6x, using the peak area ratio 0.51 MeV/2*75 MeV in the gamma-spectrum of a a4Na-standard 
to correct for the contribution of *4Na to the 0.51-MeV annihilation peak of OQI in the gamma 
spectra of the meteorite samples. 

Application of a Ge(Li) detector has been reported in the case of a sulphide ore,* where the **Na 
content was too low to cause any serious interference. 

The fact that O*Cu is one of the very few positron-emitting nuclides produced by thermal neutron 
activation has led several investigators to take advantage of the 180” annihilation quanta for gamma- 
gamma coincidence measurements. In this manner the detection rate of 6pCu as compared to most 
other activities is greatly enhanced. The use of this principle for the determination of copper by 
neutron activation was first mentioned by Ljunggren,’ who proposed applications to biological 
materials. More recent investigations have included determinations of amountsof copper in beryllium,’ 
iron,* and bismuth’ in the ppm range. Gorski et al.* employed a similar technique for the deter- 
mination of copper in ores, using 14-MeV neutrons and measuring the activity of the 9.8 min positron 
emitter YZu, produced by (n, 2n) reactions. This technique, however, does not seem to be applicable 
to samples containing only trace amounts of copper, as some of the major elements in rocks also 
form p-emitters by I4-MeV neutron activation. 

The gamma-gamma coincidence technique should be suitable for increasing the sensitivity of 
copper determinations in the presence of a large excess of UNa, since the annihilation of all /l+- 
particles from a4Cu can be made to occur close to the sample position, and hence can be detected with 
a reasonable probability by coincidence detectors placed in opposite directions, while the pair 
production process of **Na is most likely to take place somewhere else in the system, thus giving a 
very minute probability of 180” coincidence detection. In the present work applications of such a 
technique for the copper determination in some geological samples are shown. 

Instrumentation 
EXPERIMENTAL 

The detectors used for the measurements were Harshaw integral line detectors with 2 x 2 in. 
NaI(T1) crystals directly attached to RCA 6342 A photomultiplier tubes The detectors were connected 
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a practical limit of detection for copper corresponding to a Na/Cu ratio of about lOa. Schmitt 
et al.’ determined amounts of copper of 30-170 ppm in meteorites with a sodium content of 0*2- 
0.6x, using the peak area ratio 0.51 MeV/2*75 MeV in the gamma-spectrum of a a4Na-standard 
to correct for the contribution of *4Na to the 0.51-MeV annihilation peak of OQI in the gamma 
spectra of the meteorite samples. 

Application of a Ge(Li) detector has been reported in the case of a sulphide ore,* where the **Na 
content was too low to cause any serious interference. 

The fact that O*Cu is one of the very few positron-emitting nuclides produced by thermal neutron 
activation has led several investigators to take advantage of the 180” annihilation quanta for gamma- 
gamma coincidence measurements. In this manner the detection rate of 6pCu as compared to most 
other activities is greatly enhanced. The use of this principle for the determination of copper by 
neutron activation was first mentioned by Ljunggren,’ who proposed applications to biological 
materials. More recent investigations have included determinations of amountsof copper in beryllium,’ 
iron,* and bismuth’ in the ppm range. Gorski et al.* employed a similar technique for the deter- 
mination of copper in ores, using 14-MeV neutrons and measuring the activity of the 9.8 min positron 
emitter YZu, produced by (n, 2n) reactions. This technique, however, does not seem to be applicable 
to samples containing only trace amounts of copper, as some of the major elements in rocks also 
form p-emitters by I4-MeV neutron activation. 

The gamma-gamma coincidence technique should be suitable for increasing the sensitivity of 
copper determinations in the presence of a large excess of UNa, since the annihilation of all /l+- 
particles from a4Cu can be made to occur close to the sample position, and hence can be detected with 
a reasonable probability by coincidence detectors placed in opposite directions, while the pair 
production process of **Na is most likely to take place somewhere else in the system, thus giving a 
very minute probability of 180” coincidence detection. In the present work applications of such a 
technique for the copper determination in some geological samples are shown. 

Instrumentation 
EXPERIMENTAL 

The detectors used for the measurements were Harshaw integral line detectors with 2 x 2 in. 
NaI(T1) crystals directly attached to RCA 6342 A photomultiplier tubes The detectors were connected 
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to Hamner charge-sensitive preamplifiers and linear amplifiers capable of delivering either a sym- 
metrical double-delay line or a single-delay line output pulse. From the linear amplifiers the pulses 
were fed to Hamner jitter-free pulse-height analysers which were coupled to a fast coincidence unit 
with a variable resolving time in the range IO-150 nsec. The timing of each single channel pulse 
analyser was adjustable over a range of 200 nsec, and accidental coincidence rates were evaluated 
by introducing a tixed delay of 05 ,usec in one channel. The output of the coincidence unit was used 
to gate a Tuhamore transistorized 4OO-channel pulse-height analyser which was used for pulse 
analyses of the spectrum from one detector. The spectrum recorded by the analyser could be printed 
out on a Monroe data printer. 

The samples selected for this investigation were five different qualities of iron ore (I-V) and two 
samples of silicate rocks, i.e., an amphibolite (VI) and a diabase (W-l). The standard rock W-l, 
issued by the U.S. Geological Survey, was included to check the accuracy of the method. 

The standard rock “Sulphide ore-l” from the Canadian Association for Applied Spectroscopy 
was selected as standard. This rock has a copper content of 8300 ppm,O and a sodium content of 
0.70%. The value 8300 ppm, which is the mean value of analyses mainly based on chemical and 
emission spectrographic techniques, was checked with radiochemical activation analysis according to 
the method of Brunfelt et al.1° and agreement was found within experimental error. To correct for the 
contribution of “Na in the measurements, it was also necessary to have a sodium standard. The 
standard rock STM-1 from the U.S. Geological Survey, with a sodium conten@ of 6.1% and a copper 
contentI as low as 2.0 ppm was chosen for this purpose. 

Procedure 

Finely crushed samples (about 300 mg) were transferred to small polyethylene vials and irradiated 
for 30 min at a thermal neutron flux of 25 x 1Ol2 n.cm-4.sec-1 in the JEEP-I reactor (Kjeller, 
Norway). After the activation the samples were allowed to stand for 24 hr, for the decay of the &@Mn 
activity. Portions of 50-100 mg of the irradiated samples were then weighed into flat-bottomed 
polyethylene tubes of 60 mm inner diameter. For STM-1 a sample size of 20 mg was used, otherwise 
the P4Na activity induced would have been too strong. 

For the gamma-activity measurements the tubes were mounted in a perspex sample holder placed 
in the central axis of the detectors, which were kept at an angle of 180” relative to each other. The 
distance between the sample and the detectors was so adjusted that the dead time of the analyser in no 
case exceeded 40% when the detector pulses were fed via the preamplifier directly into the multi- 
channel analyser. 

In the coincidence measurements a counting period of 5-20 min was employed, depending on the 
amount of copper in the sample. The total gamma-spectra of the samples were also recorded to 
measure the sodium content of the samples through the 1*37-MeV photopeak of g4Na. By means of 
these sodium values and of the coincidence counting rate of the sodium standard STM-1, correction 
could be made for the “Na contribution of the 0*511-MeV peak in the gamma-gamma coincidence 
measurements. 

The sodium content of the copper standard corresponded to a correction of 0.25 %. On the other 
hand, the copper content of the sodium standard contributed to 1.0% of the 0.51 I-MeV coincidence 
peak. The a&s of the photopeaks were evaluated according to the method of Covell.” 

In Fig. 1 the effect of applying the coincidence principle as compared to a direct measurement 
is illustrated for sample IV in Table I. 

RESULTS AND DISCUSSION 

The results obtained for each of the seven samples, together with the mean values, are given in 
Table I. The relative standard deviation of a sinele value has been calculated for each samole. and 
is in the range 1.9-6.4 %. In the table data are &o included demonstrating the effect of the ‘8PNa 
interference at various Na/Cu abundance ratios. 

To get an estimate of the reliability of the method for samples with a high Na/Cu ratio, sample 
VI was analysed by radiochemical activation, using the method of Brunfelt et al. The results of this 
investigation are given in Table II, and show very good agreement with the gamma-gamma coincidence 
results. The present result for W-l is also in agreement with the previous neutron-activation values 
quoted in the table. Good agreement is also found with the recommended value of 110 ppm given by 
Fleischer.” This value is based on emission spectrographic and calorimetric data. 

The spread of replicate determinations in this work is due to counting errors and errors due to 
neutron flux inhomogeneity in the irradiation position. Neutron-shielding effects are not expected 
to affect the present results seriously, since no strong neutron-absorbing elements are present in 
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Fro. l.-Single and coincidence gamma-spectra of sample IV (Table I) recorded one 
day after irradiation. 

A: Single spectrum-2-min counting time 
B : Coincidence spectrum-lo-min counting time 

TABLE I.---COPPER CONTENT OF SOMB GEOLOGICAL SAMPLES DETBRMINED BY NEUTRON A’IWATION 

AND GAMMA-GAMMA COINCIDENCE SPECTBOMBTRY 

Sample 

Cu-wntent 
PPm 

I II III IV V VI W-l 

665 371 317 250 224 61 116 
634 384 307 284 231 57 118 
636 376 314 242 213 63 116 
661 389 315 243 218 57 112 
632 381 301 255 204 56 115 

Mean, ppm 646 380 311 255 218 59 115 

Relative 
standard 
deviation 
of single 
value, % 

2.5 1.9 2.1 6.4 4.7 5.2 2.0 

Na-content, 
% 

Na/Cu 

O-213 0.170 O-260 0.70 0.84 1.95 1.50 

3.3 4.5 8.4 27 39 330 130 

Fraction of 
0.511-MeV 
photopeak 
due to 84Na 

% 

1.0 1.4 2.5 7.5 11.0 49 26.5 
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appreciable amounts in the samples. Possible interference from the nuclear reaction E%(n,p)64Cu 
might be significant, but becomes important only if the zinc content is 100 times higher than the copper 
content. As no serious systematic errors seem to influence the results, and as the agreement with 
results obtained by other techniques is good, the error of the present method is probably of the order 
of &5 %, even for the silicate rock samples. 

TABLE II.-COMPARISON OF THE GAMMA-GAMMA COINCIDENCE DATA FOR Cu IN SAMPLES VI AND 
W-l WITH RESULTS OBTAINED BY OTHER METHODS 

Sample 

Present work Previous values 

Gamma-gamma Neutron activation Recommended 
coincidence Radiochemical (reference) value 

VI 59 56, 57, 59, 54 - - 
mean 57 

116 (10) 
112 (13) 

W-l 115 - 120 (14) 110 
110 (15) 
116 (16) 

CONCLUSION 

The present neutron activation method based on gamma-gamma coincidence measurements 
should facilitate rapid and accurate measurements of copper in the concentration region 0.0141%. 
In this region the conventional type of instrumental activation analysis usually becomes difficult 
owing to the contribution from *‘Na to the gamma-spectrum. It is also possible to get good results at 
lower copper concentrations, but long counting periods are necessary to obtain satisfactory counting 
statistics. For sodium-rich rocks with copper contents at the ppm level, methods based on rapid 
radiochemical separation would therefore be preferable. 

Acknowledgement-The authors wish to thank Mr. T. VrBlstad, Mineralogical-Geological Museum, 
Oslo, for providing samples suitable for this work. 
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Summary-The copper content of some geological samples has been 
determined by thermal neutron activation and subsequent coincidence 
gamma-spectrometry, taking advantage of the 180” annihilation quanta 
of 6’Cu. By this means the interference of arNa, which is often the major 
gamma-activity induced in geological materials, is greatly reduced. 
The method is precise to about * 5 %, and the error is of the same order. 
The method should be especially attractive for application to samples 
with a copper content of 100-1000 ppm. 

Zusannnenfasslmg-Der Kupfergehalt einiger geologischer Proben 
wurde durch Aktivierung mit therm&hen Neutronen und anschlie- 
Dende Koinzidenz-Gammaspektometrie bestimmt, wobei die 180”- 
Vernichtungsquanten von ‘%u ausgenutzt wurden. Auf diese Weise 
wird die Stiirung durch e4Na, das oft den GroPteil der in geologischem 
Material induzierten Gamma-Aktivitlt darstellt, stark reduziert. 
Die Methode ist auf etwa &5 % genau, der Fehler liegt in der gleichen 
GrGBenordnung. Die Methode sollte besonders zur Anwendung auf 
Proben mit Kupfergehalten von 100-1000 ppm vorteilhaft sein. 
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R&ur~~e--On a determine la teneur en cuivre de quelques echantillons 
geologiques par activation de neutrons thermique suivie de spectro- 
m&e de comcidence gamma, tirant avantage de l’armihilation 180” 
des quanta de %u. De cette man&e, l’interference de *“Na, qui est 
souvent la urincinale activite gamma induite dans les materiaux 
geologiques,kst fo;tement reduit;. La methode est precise zi environ 
&5% et l’erreur est du meme ordre. La methode devrait &re 
particulierement interessante pour son application il des echantillons 
a teneur en cuivre de 100-1000 p.p.m. 

REFERENCES 

1. P. Thoresen, Actu Chem. &and, 1964, 18, 1054. 
2. R. A. Schmitt, R. H. Smith and G. G. Goles, J. Geophys. Res, 1965,70,2419. 
3. J. F. Lamb, S. G. Prussin, J. A. Harris and J. M. Hollander, Anal. Chem, 1966 38, 813. 
4. K. Ljunggren, Pure Appl. Chem, 1960,1,31. 
5. J. Petit and C. Engelmann, IAEA Seminar on the Practical Application of Short-Lived Radio- 

isotopes, paper SM-32/28 (1962). 
6. R. Malvano and P. Grosso, Anal. Chim. Acta, 1966,34,253. 
7. J. I. Kim, A. Specke and J. Hoste, ibid, 1965,33, 123. 
8. L. Gorski, Talanta, 1964, 11,1135. 
9. G. R. Webber, Geochim. Cosmochim. Acta, 1965 29,229. 

10. A. 0. Brunfelt, 0. Johansen and E. Steinnes, Anal. Chim. Acta, 1967,37, 172. 
11. A. 0. Brunfelt, and E. Steinnes, Geochim. Cosmochim. Actu, 1966,30,921. 
12. D. F. Covell, Anal. Chem, 1959,31,1785. 
13. A. A. Smales, D. Mapper and A. J. Wood, Analyst, 1957,82,75. 
14. H. Hamaguchi, Geochim. Cosmochim. Actu, 1965,29,821. 
15. 0. T. Hegdahl, Progress Report ZZ, University of Michigan, 1962, p. 62. 
16. L. Greenland, and J. F. Lovering, Geochim. Cosmochim. Acta, 1963, 27, 897. 
17. M. Fleischer, ibid., 1965, 29, 1263. 

Talanta, 1968,Vol. IS. pp. 578 to 582. Pergamon Press. Printed in Northern IrcIand 

Kinetic titration with differential thermometric determination of the end-point 

(Received 14 July 1967. Accepted 27 November 1967) 

THE~MO~IC end-point determination has been used so far in the titration of solutions with mini- 
mum concentrations of 10-*-10-4M. The temperature changes occurring in the titration of solutions 
more dilute than this cannot be separated with sufficient clarity from the background changes stem- 
ming from various sources (heat conduction, evaporation, temperature differences inside the system, 
heat of dilution, heat of dissociation, etc.). In the past few years we have been able to lower this 
concentration limit by the introduction of catalytic reactions,*,* and now describe a differential 
thermometric method of end-point detection. 

The velocity of homogeneous catalytic reactions is proportional to the concentration of the catalyst 
and to some function of the concentrations of the other reacting substances. In two solutions identical 
except that catalyst is absent from one of them (reference solution), the reaction velocities can be 
made identical if the reference solution is titrated with a dilute (lO-aM) solution of catalyst until the 
catalyst concentration in both solutions becomes the same. The titration can be monitored by measur- 
ing the difference in the rates of change of temperature in the two solutions by means of thermistors 
in a Wheatstone bridge circuit; the rates becoming equal at the end-point. If an excess of titrant has 
been added the end-point may be established by back-titration of the sample solution with catalyst. 

If the temperature change is not too great, its rate will be related to the rate of reaction through 
the heat of reaction: 

dT/dt = k . dc/dt (1) 
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where dT/dt is the rate of change of temperature, k is a proportionality constant and dc/dt is the rate of 
reaction. The rate of reaction is proportional to the concentration of catalyst present. If the heat of 
reaction is substantial, dT/dt may be measured conveniently and is one of the simplest means of 
following the course of reaction velocity. 

These considerations are not, however, valid for all types of catalytic reactions, and even when they 
are, some stipulations must be made about the experimental conditions and the reactions which may 
be used. The initial temperatures of the sample and reference solutions must be identical since the 
rates of catalytic reactions are strongly temperature dependent. The concentration of the catalyst in 
the sample solution must be adjusted so that the rate of change of temperature is O~Ol-O~l”/min; 
such a rate may be measured easily and will not cause a significant difference in the temperatures of the 
sample and reference solutions in the course of the titration. Catalytic reactions with long induction 
periods are generally unsuitable; in such cases the relationships above are valid only if the catalyst 
concentration is identical in both solutions at the start of the reaction. 

Reactions with induction periods may be used for kinetic titration with thermometric end-point 
determination only if the induction period is short (less than 1 set), and the titrant contains the catalyst 
in the post-induction state so that the induction period for the reference solution is eliminated. Auto- 
catalytic reactions are not suitable, because the concentration of the active catalyst molecules increases 
continuously with time. 

The reaction velocity should remain practically constant in the sample solution during titration; 
this may be realized chiefly by using high concentrations of the substrates, so that these concentra- 
tions remain almost constant. The situation is less favourable if the reaction velocity is proportional 
to a higher power of the substrate concentrations, since it will be altered by minor concentration varia- 
tions. 

In a favourable case the catalyst reacts in a fast step with substrate A to form an intermediate 
which then reacts in a slower step with substrate B to release the catalyst; the reaction velocity then 
depends chiefly on the concentration of B and it is sufficient to keep this constant. 

The volume change during titration should be as small as possible. If it is large the attendant 
variation of concentration and heat capacity may be compensated by diluting the sample solution with 
distilled water to the same extent. 

The suitability of catalytic reactions should be investigated before they are used for kinetic titra- 
tions. 

EXPERIMENTAL 

Apparatus 

The equipment used is practically the same as that used by Keily and Humea and is shown in Fig. 1. 
The rate of change of temperature is measured by two thermistors built into two separate Wheat- 

stone bridges which may be connected in opposition (Fig. 2). A galvanometer is used as sensing 
instrument. The range of measurement is adjusted over wide limits by the use of shunts. At the 
start, when the reaction velocities of the sample and reference solutions differ rather widely, low 
sensitivity is used and as the reaction velocities approach each other the sensitivity is increased to the 
maximum (1 scale division of the Zeiss galvanometer used is equal to 04001”). 

Determination of cobalt 

The practical application of the method is illustrated by the determination of cobalt in concentra- 
tions below lo-*M. 

Cobalt catalyses the oxidation of tartaric acid by hydrogen peroxide. Preliminary experiments 
showed that if the tartaric acid concentration is sufficiently high, the rate of oxidation catalysed by 
cobalt ions may be regarded as constant for 3 min, which is amply sufficient for performing the 
titration.g 

Standard cobalt solution, 04001M. Add 30 ml of 50% tartaric acid solution, 350 ml of water and 
75 ml of 30% sodium hydroxide solution to 10 ml of 0.05M cobalt solution. Cool the mixture and 
add 10 ml of 30% hydrogen peroxide. After decomposition of the peroxide (l-2 min) cool the solution 
and dilute it to 500 ml in a standard flask to obtain the titrant solution containing cobalt in its catalytic- 
ally active oxidation state. The solution is stable for about a week. 

*Procedure. Add 2 ml of hydrochloric acid (1 + 1) to a solution containing 0.0343 mg of cobalt 
and evaporate it to dryness. Dissolve the residue in 5 ml of hydrochloric acid (1 + I), add 10 ml of 
50% tartaric acid and 50 ml of distilled water, neutralize. with 30% sodium hydroxide solution and 
add 20 ml in excess. Cool and dilute the solution to 200 ml. Prepare a reference solution of the same 
composition except for the cobalt. Bring both solutions to room temperature, transfer them to the 
Dewar flasks, insert the stirrers and thermistors, compensate the Wheatstone bridges separately and 
connect them in opposition. Add 5 ml of 30 % hydrogen peroxide to both solutions at the same time 
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6 

FIG. I.-Sketch of the apparatus. 
I-Dewar vessel; Z-thermistor; 3-plastic beaker; G-magnetic stirrer; S-dip 

pipette; 6-Wheatstone bridge; 7-burette tiled with 04OlM cobalt solution. 

FIG. 2.-Sketch of opposing Wheatstone bridges. 
Details of values of resistors efc. are not shown but may be obtained 

from the author. 
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to start the reaction, and titrate the reference solution with the standard cobalt solution until the 
pointer of the sensing instrument comes to rest, using minimum sensitivity initially and maximum 
sensitivity at the end. 

Nickel ions slightly inhibit the reaction but titration is possible in their presence if the reference 
solution contains the same amount of nickel salt as the sample solution. The nickel salt added to the 
reference solution must be free from cobalt, and may be prepared by passing a solution of nickel 

TABLE I.-RESULTS FOR VARIOUS CONCENTRATIONS OF 
COBALT 

Kol, Cobalt taken, Co found, 

M I% rug 

5 x 10-1 5.9 7.1 
1 x 10-0 11.8 12.4 

2.5 x IO-6 29.4 30.6 
5 x IO-6 59 62 
1 x 10-s 118 119 

2.5 x 10-S 294 306 

chloride in 9M hydrochloric acid through a strongly basic anion-exchanger (e.g., Dowex 1) and remov- 
ing the excess of acid by evaporation. To determine cobalt in nickel, dissolve 1 g of sample in nitric 
acid (1 + 1) and evaporate it to dryness. Dissolve the residue in 25 ml of hydrochloric acid (1 + 1) 
with slow heating and dilute to 100 ml in a standard flask. Take 20 ml of this solution, add 15 ml 

TABLE II.-COBALT IN NICKEL 

Sample 

3215 
3214 
4732 
4947 
2185 
6417 

Co, % 

photometric kinetic titration 

0.008 0.01 
0.009 0.007 
0,07 0.08 
0.08 0.09 
0.23 0.27 
0.27 0.29 

of 50% tartaric acid and 50 ml of water, and then neutralize and proceed as described before, using 
a reference solution containing cobalt-free nickel. 

Typical results are shown in Tables I and II. 
I. SAJ6 

Iron and Steel Research Institute 
Budapest, Hungary 

Summary-A method has been described for the determination of 
concentrations below 10-4M by applying catalytic reactions and 
using thermometric end-point determination. A reference solution, 
identical with the sample solution except for catalyst, is titrated with 
catalyst solution until the rates of reaction become the same, as shown 
by a null deflection on a galvanometer connected uia bridge circuits 
to two opposed thermistors placed in the solutions. 

Zusammenfassun8--Eine Methode zur Bestimmung von Konzentra- 
tionen unter 10-4M mit Hilfe katalytischer Reaktionen und thermomet- 
r&her Endpunktsanzeige wird beschrieben. Eine mit der Probelosung 
bis auf die Abwesenheit des Katalysators identische LSsung wird mit 
Katalysator titriert, bis die Reaktionsgeschwindigkeiten gleich werden. 
Dies wird durch den Ausschlag Null auf einem Galvanometer ange- 
zeigt, das in Brtickenschaltung an zwei gegeneinander geschaltete 
Thermistoren in den Lijsungen angeschlossen ist. 
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R&u&-On decrit une methode pour le dosage de concentrations 
inferieures A 10-4M par application de reactions catalytiques et en 
utilisant une determination thermometrique du point de fin de dosage. 
Une solution de reference, identique a la solution kchantillon a 
l’exception du catalyseur, est tit&e par la solution de catalyseur 
jusqu’a ce que les vitesses de reaction deviennent les memes, comme 
le montre la deviation uulle d’un galvanometre relic par l’intermediaire 
de circuits en pont a dew thermistors en opposition places dans les 
solutions. 
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Summa~-The malonate, succinate, glutarate and adipate complexes 
of lead have been examined polarographically and the overall stability 
constants evaluated. The values found are log & = 260, 240, 2.48, 
2.38; log b, = 3.62, 3.73, 3.45, 3.20; log ,81 = 4.32, 4.11, 3.90, 
3.69, for the malonate, succinate, glutarate and adipate complexes 
respectively. 

THE polarographic behaviour of the complexes of lead with formic acid and tartaric 
acid has been studied by Hershensonl and Iwase2 respectively. The complexes of lead 
with oxalic acid,3 salicylic acidP glutamic acid5 and glycollic acid6 have been investiga- 
ted polarographically. In a study of the polarography of lead in the presence of 
various complexing agents it was found that lead is reduced reversibly in a malonate, 
succinate, glutarate and adipate media and the reduction is diffusion controlled. 

The present paper deals with the determination of the composition and stability 
constants of the complexes formed by lead with malonate, succinate, glutarate and 
adipate. 

EXPERIMENTAL 

Reagent grade chemicals were used. The OWlMsolution of lead was prepared from lead nitrate. 
Sodium perchlorate was used to keep the ionic strength constant at 2.0. Solutions of the sodium salts 
of malonic, succinic, glutaric and adipic acids were prepared by adding sodium hydroxide to the 
respective acids and adjusting the pH to approximately 6.5. 

An L.P. 55 Heyrovsk? manual polarograph was used. The dropping mercury electrode had the 
following characteristics: m = 2.12 mglsec; t = 4.2 set (at -1.0 V us. S.C.E. in @lM sodium 
perchlorate). A constant temperature of 30 + O-01” was maintained by means of a Haaketype 
ultrathermostat. All the half-wave potentials were measured with a saturated calomel electrode as 
reference.. Triton X-100 was used as maximum suppressor. All the polarograms were recorded after 
deaeration of the test solutions with purified nitrogen. 

THEORY 

It has been shown by DeFord and Humes that the shift in half-wave potential due 
to complex formation can be expressed as : 

2.303RT 
A% = (EL/& - (Eds = ~ 

4 rv B,{X}’ 
nF lognl YJ17 z r,, 

s 0 J 

(1) 

where (El& and (El/& are the half-wave potentials of the complex and simple 
metal ions respectively, R, Tand F have their usual significance, n denotes the number 

* Present address: Chemistry Department, University of Kansas, U.S.A. 
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of electrons involved in the reduction, Is and Z, are the experimental diffusion currents 
for the simple and complex ions respectively, p1 is the overall formation constant of the 
thejthcomplex; {X} istheactivityofthecomplexing ligand and y,and yJrs, denotethe 
activity coefficients, at the electrode surface, of the metal and complex species re- 
spectively. Equation (I) can be rearranged to define a function FO( [xl) : 

F,( [xl) = antilog,, 
[ 

OFAE,,r _t log?] = y,r~@.z 
c 0 Yuz, 

= 1 +p,[xl~~+~~[x]‘- ‘J&k)” + . . . (2) 
YMS, 

Equation (2) can be written in the forms (3), (4) and (5) if the ionic strength is kept 
constant and the activity coefficients are taken as also being constant: 

Fl( WI) = {Fo(Pd) - I}/ [xl = A i- /&[X] -k p3pIy + . . . (3) 

~,([XI) = {fx[m - BlI/rw = B2 + Alxl + * * * (4) 

J-3Kw) = {F,(X) - B2ml = 83 + i%[xl -I- - . * (5) 

where [X] denotes the concentration of the complexing ligand, and y the activity 
coefficient of the species indicated by subscript. &, p2 and /Ia are the overall formation 
constants for the complexes containing one, two and three ligands respectively. 
Values of F,([x]) for various concentrations of the complexing ligand can be deter- 
mined experimentally and equation (2) can then be solved graphically for #&, /I2 and &_ 

The proportion of the uncomplexed metal ion and the various complex species as a 
function of the ligand concentration can be calculated by means of the equations 

A4 1 
-- 

cl - Fo( [Xl) 

where M denotes the concentration of uncomplexed metal ions, MX, is the concen- 
tration of the jth complex and CN is the total concentration metal ion added to the 

system. 
RESULTS AND DISCUSSION 

In each case, a single well-defined reduction wave appeared. The half-wave 

potential was found to shift towards more negative value with increasing concentra- 
tion of ligand (malonate, succinate, glutarate and adipate). The plots of id US. 

&r d an i, vs. [Pbs+] were found to be straight lines passing through the origin, 
showing that the reduction is diffusion controlled (id is the diffusion current, h the 
head of mercury). The diffusion current was found to decrease with increase in ligand 
concentration, which may be due to the change in the size of the particle resulting 
from complex formation. The complex ions formed are much larger than the aquo- 

ion, hence the lower value of the diffusion current with increase in ligand concentration. 
The plots of log i/(i,., - i) vs. E were found to be linear with a slope of the order of 

31 5 2 mV, indicating the reversibility of the reduction. The value of IZ was 2. 
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The plots of E,/, us. --log C, (where C, is the total ligand concentration) were 
found to be a smooth curve (Fig. l), showing the formation of two or more complex 

FIG. l.-Plots of E,,, us. -log C,. 

species which are in equilibrium. The classical method due to Lingane’ could not be 
applied, and the DeFord and Hume treatments as modified by Irving’ was applied. 

The values of the over-all formation constants, @,, were calculated by the graphical 
extrapolation method Figs. 2-5. The presence of three complex species Pb(A), 

42- 

40- 

-96 -24 

rj(Cxl) y I x x 
x x x 

32- 
e 
3 
ZJ 
x 24- 
c? 
0 

x 

0 01 0.2 03 04 05 

C ,, Malonate mm., M 

FIG. 2.-Plots of F,( [Xl) for lead-malonate system. 

Pb(A)z- and Pb(A),4- was established where A stands for malonate, succinate, 
glutarate or adipate, as the case may be. The formation constants i.e., /J, & and pa 
are given in Table I, and are larger than the corresponding values for Cdz+,ro which is 
usually the case. 

The distribution of lead present in various forms was calculated as a function of the 
logarithm of the ligand concentration by means of equatons (6) and (7). The results 
are shown in Figs. 6 and 7. 
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FIG. 3.-Plots of F,([X]) for 
lead-succinate system. 
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FIG. 4.-Plots of F,([XJ) 
for lead-glutaratesystem. 
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TABLE f.--h’ER-ALL ‘FOWTlON CONS-TLTS OF LEA!3 COMPLEXES WITH- 
VARlOU5 DIm.5lC ACIDS 

Malonate 

Succinate 

Glutarate 

Adipate 

4.0 x 18 4.2 x lo5 2.1 x 104 

25 x JO’ 54 x 108 1.3 x l(r 

3.0 x 101 2.8 x 101 7.9 x 10s 

2.4 x 10’ 1.6 x 109 4.9 x 10s 

80 

60 

s 
90 

20 

-1-3 -1.1 -09 -0.7 -05 -03 
‘09 cx 

i?lG, G-Distribution diagrams for lead malonate and glutarate systems. 

FIG. f.-Distribution diagrams for lead succinate and adipate systems. 
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As the reduction of lead is diffusion controlled, lead can be estimated polarographi- 
tally in malonate, succinate, glutarate and adipate solutions. 

Acknowled;emen&--The authors wish to express their grateful thanks to C.S.I.R., New Delhi for 
,mntiog a Junior Research Fellowship to one of them (M. M. P.), to Prof. R. C. Mehrotra for 
providing faciliries, and to Dr. D. S. Jaio for valuable suggestions. 

Zusammenfassung-Die Komplexe von Blei mit Malonat, Succinat, 
Glutarat uod Adipat wurden polarographisch untersucht und die 
Gesamtstabilitltskonstanteo ermittelt. Es wurden gerfuoder log /& = 
2,60; 2,40; 2.48; 2,38; logp? = 3,62; 3,73; 3,45; 3,20; logp3 = 
4,32; 4,ll; 3,90; 3,69 fiir die Komplexe in obiger Reihenfolge. 

R&urn&On aexamine polarographiquement lescomplexesmalonique, 
succinique, glutarique et adipique du plomb et evaI& toutes les coo- 
stantes de stabiiiti. Les valeurs trouvees sont log /?I = 2,60; 2,40 
2,48; 2,38; log 82 = 3,62; 3,73; 3,45; 3,20; log ,& = 4,32; 4,ll; 
3,90; 3,69, pour les complexes malonique, succinique, glutarique et 
adipique respectivement. 
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GENERAL CONSIDERATIONS AND QUANTITATIVE TREATMENT 
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Summary-Substoichiometric masking is effected by adding a masking 
agent in an amount less than that equivalent to the substance to be 
masked. The amount of free interfering substance is thereby to be 
reduced below the interference threshold, that is, the level at which 
interference occurs. The approach is advantageous in cases where the 
available masking agents when added in excess profoundly affect the 
substance to be determined. Formulae to evaluate the feasibility of 
substoichiometric masking are derived and a general discussion of the 
situation is given. 

THE selectivity of reagents and reactions has always been a point of great concern in 

analytical chemistry. Presently, much emphasis is being placed on cases in which 
small amounts of one component of a sample have to be detected or determined in the 
presence of large amounts of other components. Since most separation procedures are 
difficult or impractical in such cases, the problem of selectivity has become of crucial 
importance. The number of sufficiently selective reagents available at the present time 
is limited, as is the probability of finding new ones. Therefore, considerable effort 
has been, and is being, expended in order to improve the selectivity of tests and 
determinations through the use of masking techniques. Of course the problem of 
selectivity also exists with respect to masking reagents, but with appropriate combina- 
tions of test and masking reagents, many problems have been solved, and, in some 
cases, rather spectacular results have been achieved. 

The usual procedure for applying a masking reagent is to add it in an amount which 
is at least equivalent to that of the substance to be masked; but, for obvious reasons, 
an excess is commonly employed. This excess often has a detrimental effect on the 
principal reaction and then any increase in selectivity is offset by a considerable decrease 
in sensitivity. A possible masking technique which, to the best of our knowledge, 
has not yet been studied and applied, involves the addition of an amount of masking 
reagent less than that equivalent to the substance to be masked . The general and 
quantitative aspects of such a technique will be discussed in the present paper. 

SUBSTOICHIOMETRIC MASKING 

Suppose a metal N is to be determined (or detected) in the presence of a metal M. 
Interference, in general, will only occur if metal M is present above a certain level. 
This level may be termed the “interference threshold” (German “Storschwelle”). 
Two cases may be differentiated. First, the absolute amount or concentration of metal 
M is essentially the decisive factor and an “absolute interference threshold” may be 
defined. As an example, a case may be considered where metal M imparts an intense 
colour to the solution and thus impairs the sharpness of the end-point in a titration. 
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Second, and more frequently, the amount or concentration of the interfering metal 
relative to that of the metal to be determined is the critical factor; then the “relative 
interference threshold” becomes of interest. For example, the interfering metal bl is 
partially co-titrated; then the relative error introduced into the result for metal N 
will depend on the ratio of the amounts of the two metals. Situations where the 
relative thresholds are of critical significance are more frequent and commonly more 
difficult to handle. Such cases are of greater practical importance and will be dealt 
with in the present paper. 

AS long as the ratio of Cu/Cs (where C denotes the analytical concentration) 
is below the interference threshold no problem exists. If this threshold value is exceeded 
the interference becomes increasingly serious and the determination may even be 
rendered completely impossible. In such a case, the addition of a masking reagent 
in an amount less than that equivalent to the metal M but just sufficient to reduce the 
concentration ratio [free Ml/C, below the threshold value might be advantageous. 
Such a procedure would be termed “substoichiometric masking.” The term “partial 

masking” mightper se be considered as equally appropriate, but use of this term could 
lead to confusion, since phrases like “. . . element X is partially masked” do not imply, 
according to present terminology, that a substoichiometric amount of masking 
reagent is added. “Partial masking” commonly refers to a situation in which an 
excess of masking reagent has been added, and the reaction of the interfering substance, 
although diminished in extent, is not completely but only partially suppressed. Further, 
it should be emphasized that the terms “interference” and “masking,” as used here, 
are not restricted to chemical phenomena but are used in the broader sense of causing 
and eliminating, respectively, detrimental effects of all sorts. Thus, undesirable 
instrumental response may be included in these terms as may be seen from the 
following example. 

The polarographic analysis of a cadmium-zinc sample proceeds quite uneventfully 
if small amounts of cadmium are to be determined in the presence of large amounts of 
zinc, The situation is favourable because in most practical supporting electrolytes 
the cadmium wave precedes the zinc wave sufficiently to allow the measurement of 
the diffusion current of the cadmium without any interference from zinc even though 
this element is present in a considerable amount. However, in the opposite case, a 
small zinc wave rides on top of a huge cadmium wave and the diffusion current of the 
zinc can be evaluated only with great difficulty. Here, substoichiometric masking would 
be very useful and would be achieved by the addition of a complexing reagent which, 
under the prevailing conditions, complexes preferentially with the cadmium. The 
major portion of the cadmium would then be present as a complex that does not 
yield a polarographic wave in the potential range concerned. The polarographic 
wave due to the small amount of uncomplexed cadmium would not interfere with the 
evaluation of the diffusion current of the zinc. In order to test this idea, several 
chelons were tried and satisfactory results were obtained with many of them. Obviously 

each of these chelons when applied in excess would also mask the zinc and suppress 
its polarographic wave completely. In the presence of large amounts of cadmium, 
with all chelons suitable for the purpose a wave of unknown origin occurred in the 
vicinity of the rising portion of the zinc wave. This interfering wave, although 
small, exhibits irregular behaviour and makes evaluation of the diffusion current 
of the zinc difficult. Thus, substoichiometric masking could not be successfully 
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applied to solutions containing very large amounts of cadmium, but up to a cadmium 
to zinc ratio of about 50: 1, the validity of the principle was confirmed. However, 

the application of substoichiometric masking to other systems has proved verysuccess- 
ful. The results of these investigations will be published separately. Some quantitative 
considerations which allow a general evaluation of substoichiometric masking are 
presented below. 

QUANTITATIVE CONSIDERATIONS 

The theory will be restricted to 1: 1 complexes (and hence essentially to reagents 
such as EDTA) because otherwise the orders of equations become so high that 
simplification requires approximations to be made that may not hold in practice. 
The expressions for the stability constants of the complexes formed by the reaction 
of the masking reagent, Y, with the metal to be determined, N, and the interfering 
metal, M, respectively, are 

K>r = [MY] 
[Ml El 

(1) 

[NY1 
Ks = [M][Y] 

(2) 

where Kx and KN are the conditional stability constants for the complexes MY and 
NY, respectively. Charges are omitted for simplicity. The material balances for the 
system are 

Car = WI + [MYI (3) 

C, = PI + WI (4) 

CY = [MYI + WI + WI. (5) 

Equations (l)-(5) will be used to derive an equation giving the relationship between 
the fraction of the metal N remaining uncomplexed when a fraction of the amount of 
masking reagent equivalent to the metal M present is added. In order to avoid an 
unpleasantly high-order equation the assumption will be made that the concentration 
of free masking reagent, Y, is sufficiently small to permit neglect of the term [Y] in 
equation (5). This assumption is reasonable because (a) the proposed masking proce- 
dure functions only if fairly stable complexes are involved, and because (b) there is 
always an excess of the metals present. Thus, equation (5) becomes 

CY - [MYI + WY]. (6) 
Obviously, the amount of N remaining uncomplexed will depend to a large extent 

on the ratio of the two stability constants which may be expressed as 

(7) 

Another factor having a significant influence on the fraction of metal N remaining 
uncomplexed is the amount of reagent Y added in relation to the amount of metal M 
present. This fraction, P, is given by 

p = G/CM. (8) 
The term substoichiometric masking implies that P < 1. 
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Further, the ratio of the concentration of the metal N to that of the metal M will 
also have a significant influence. This ratio is expressed as 

T = CJCs. (9) 

A certain numerical value of T represents the relative interference threshold and 
may be denoted as Ti,,. Twill always be a very small number because only the deter- 
mination of small amounts of metal N in the presence of metal M is being considered. 

The object of the treatment is to obtain an expression for the fraction of the 
metal N remaining uncomplexed when substoichiometric masking is applied. This 

fraction is given as 

f = WI/G. (10) 

An explicit expression for f as a function of the other parameters defined above is 
obtained as follows. A combination of equations (9) and (10) yields 

[NI = fG,/T- 

A combination of equations (4), (9), and (11) yields 

(11) 

[NY] = C,r _fc,, = c,I (1 _ f) 
TTT ’ 

A combination of equations (6), (8), and (12) yields 

[MY] = PC_ _ c,’ +fc,, = cJI -f) 
\I - . 

T T T 

A combination of equations (3) and (I 3) yields 

[M] = Cl1 (1 - P f v). 

Substitution of the terms given by equations (1 I)-(14) into equation (7) yields 

&(l -f) 
T 

Q= 
f 

1 _pl (1 -f>‘(l 
I_ 

T 

(12) 

(13) 

(14) 

(15) 

It is of considerable interest to note that the only term related to an absolute 
concentration (i.e., Clr) cancelled out and that only the ratios of concentrations 
(and stability constants) are involved in this equation. Rearrangement of equation 
(14) yields the quadratic expression 

f2 <Q - 1) -- 
T 

Solving for f gives 

A-- 
d 

‘A”-4(Q-1); 
) 

f= 
30 - 1)/T 

(17) 
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where A = Q(1 - P + l/T) + (Q - l)T+ P. The root with negative sign should 
be used, as can be shown by evaluation of equation (7) at P = 0. This condition 
corresponds to the situation where no masking reagent has been added; thenfmust 
by necessity be unity. Equation (17) allows the calculation of the value off for any 
given values of Q, P, and T. From such values conclusions may be made as to the 
degree of success to be expected from an application of substoichiometric masking 
under any set of conditions. However, a graphical representation permits a more 
rapid and direct insight into the situation. For this purpose,fis plotted as a function 

Q.1040 

FIG. 

P 

I.-Fraction of uncomplexed metal N as a function of P for various 
with T being 1.0 x 10’. 

values of Q, 

of P for a given value of T. One particular curve is obtained for each specihed value 
of Q. A set of such curves for T = 1-O x 104 is shown in Fig. 1. This value of T 
represents a case in which the metal N is to be determined at the O-01 mole % level in 
the metal M. Only the range of greatest interest (i.e., 1-O > P > O-8) is shown. 

As was to be expected, the lower the value of Q, the less uncomplexed N is available. 
However, with Q = 1O4, the value forfis still O-99 when P is 0.99. This indicates that 
99 % or essentially all of the metal to be determined is available when 99 % of the inter- 
fering metal is complexed substoichiometrically. In this case, the original ratio of 
[free Ml/C, of 10000: 1 has been reduced to only 100: 1, which may be well below the 
interference threshold for some method of determination. 

The derivation of equation (17) and the discussion thus far were based on the 
assumption that the determination of N is performed in such a manner that no shift 
in the equilibria is produced. This is the case, for example, when a polarographic 
finish is employed. However, if the procedure involves a reagent (Le., a complexing 
reagent), for example, for the purpose of a photometric finish, the situation becomes 
complex, but commonly also more advantageous. Suppose a chromogenic reagent is 
added to complex with the metal N. Usually this reagent will react preferentially with 
N and thus cause a favourable shift in the equilibrium. In more exact terms, the 
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addition of an excess of this reagent with respect to N amounts to lowering the value 
of the conditional stability constant of the NY complex, and, thereby, increasing the 
value of Q. Even if both M and N react with the reagent, an advantage may be gained. 
If a separation step is involved (i.e., and extraction or precipitation), only N and a 
very small amount of M will be separated from the bulk amount of M. The separated 
portion of the metals may then be subjected to some treatment which is satisfactory 
at the resulting low molar ratio. 

A mathematical treatment of cases in which an additional reagent is present is 
possible, but with the larger number of equilibria to be considered (i.e., those between 
N and possibly M and the added reagent), the resultant equation forfis third-order 
or higher. Such equations are difficult to handle and rarely allow a ready evaluation 
of the effects caused by changes in the various parameters. It is often possible to 
reduce the order of the equation by applying approximations. However, the familar 
situation then arises that the obvious or “clear cut” cases are well represented while 
the most interesting or “borderline” cases cannot be dealt with. Some of these cases 
have been treated mathematically, but the results are not presented here. In actual 
practice, a rough evaluation of the feasibility of substoichiometric masking can be 
made on the basis of the simple equation. This evaluation is used to design initial 
experiments and their results must then be used to gain insight as to how to proceed 
further. 

The preceding derivation and discussion were made in terms of one metal to be 
determined in the presence of another. Substoichiometric masking, of course, is not 
restricted to such cases. It may be applied to other systems as well and in a fully 
analogous fashion. 

A&nowle&emenr-This work was in part supported by a grant from the National Science Foundation, 
Washington, D.C. This aid is gratefully acknowledged. 

Zusammenfassung-Substiichiometrisches Maskieren liegt vor, wenn 
man ein Maskierungsmittel in einer Menge anwendet, die geringer als 
Iquivalent der Menge zu maskierender Substanz ist. Hierbei wird die 
Menge an freier StGrsubstanz unterhalb des stiirenden Niveaus (d.h. 
der “Stijrschwelle”) gedriickt. Die Methode ist vorteilhaft in Fallen 
wo das Maskierungsmittel, wenn im Uberschuss angewandt, die zu 
bestimmende Substanz nachteilig beeinflusst. Eine Formel zur 
Abschltzung substijchiometrischer Maskierung wird abgeleitet und 
eine generelle Diskussion der MGglichkeiten mitgeteilt. 

R&m15-La dissimulation SubstoechiomOtrique est produite en 
ajoutant un agent dissimulant en quantitC infkrieure B celle tquivalant 
Q la substance B dissimuler. La quantitt de spbstance genante libre 
doit de ce fait 6tre rtduite B une valeur infkrieure au seuil d’interfkrence, 
c’est-g-dire g la teneur 3. laquelle l’interf6rence intervient. La voie est 
avantageuse dans les cas oh les agents dissimulants disponibles, 
lorsqu’ils sent ajoutes en ex&s, influent profondkment sur la substance 
g doser. On etablit des formules pour estimer les possibilitts de rkalisa- 
tion de la dissimulation SubstoechiomCtrique et presente une discussion 
gtntrale de la situation. 
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SUBSTOICHIOMETRIC MASKING-II* 

DETERMINATION OF TRACES OF COBALT IN NICKEL SALTS AND 

METALLIC NICKEL 
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School of Chemistry, Georgia Institute of Technology, Atlanta, Ga. 30332, U.S.A. 

(Received 22 December 1967. Accepted 5 February 1968) 

Summary-Cobalt is determined in the presence of large amounts of 
nickel by masking the latter substoichiometrically by addition of 
4: 98% of the theoretically required amount of EDTA. The “free 
nickel”:cobalt ratio is thereby decreased below the critical value and 
the cobalt is extracted as the green cobalt(IIl)-PAN complex into 
chloroform. Small amounts of nickel-PAN formed are destroyed by a 
subsequent EDTA-hydrochloric acid treatment. The absorbance of 
the treated extract is measured at 635 rnp. Copper, zinc, cadmium and 
iron do not interfere in ratios (to cobalt) of 500: 1, 100: 1, 100: 1 and 
lO:l, respectively. 

MANY cases exist in which the interference in the determination of one species due 
to another species becomes significant only when the ratio of the concentration of the 
species to be determined to that of the interferring species exceeds a certain relative 
interference threshold. Application of a masking reagent in the usual manner, 
i.e., adding it in excess, is often impossible because the excess severely affects the reac- 
tion of the species to be determined. In such cases it may be feasible to add an amount 
of masking reagent less than that equivalent to the interfering species and thereby 
to bring the ratio of the concentration of the “free” interfering species to that of the 
species to be determined, below the interference threshold. A determination would 
then be possible. This approach is termed “substoichiometric masking” and some of 
its quantitative aspects have been discussed in Part I. Substoichiometric masking has 
been successfully applied to the determination of small amounts of cobalt in the 
presence of large amounts of nickel. The principles of this method and results of its 
application are described in the present paper. 

In 1955 Cheng and Bray1 introduced PAN (I-pyridylazo-2-naphthol) as a chrom- 
ogenic reagent and compleximetric indicator. Among other metals, these authors 
also studied cobalt and found that on addition of PAN to a solution containing 
cobalt(I1) and potassium periodate, a green cobalt(III)-PAN complex is formed 
which can be extracted into organic solvents. As was later shown by Flaschka and 
Raheem,2 addition of an oxidant is not necessary in order to obtain this green complex, 
because seemingly the oxygen of the air dissolved in the solution is sufficient to effect 
the oxidation. This oxidation is accelerated by the presence of some water-miscible 
organic solvents, e.g., ethanol. The green complex, once formed, is extremely stable 
and is not decomposed by strongly acidic medium even after remaining in it for hours 
or days. However, this complex does not form in strongly acidic solution. It seems 
that it is necessary to form first the weaker, red cobalt(II)-PAN complex which then is 
oxidized to the green cobalt(III)-PAN complex. Most other metals yield reddish 
PAN complexes, which are readily destroyed by addition of EDTA or acid [iron(III) 

* Part I.--T&nta, 1958, 15, 589. 
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is one exception]. Thus the formation of the green colour represents a quite selective 
reaction and at first glance may seem suitable for an unperturbed detection or photo- 
metric determination of cobalt in the presence of other metals. However, when these 
possibilities (especially the determination of small amounts of cobalt in nickel and its 
salts) were investigated, difficulties arose. If a small quantity of PAN is added to a 
solution containing cobalt and excessive amounts of nickel, most of the reagent is 
consumed by the nickel and only a small portion of the cobalt is transformed into the 
cobalt(II)-PAN complex. This amount of cobalt is oxidized to the green complex 
relatively rapidly. Then, however, the formation of more green complex becomes 
extremely slow, and on extraction low results for cobalt are obtained. Obviously, 
the release of PAN from its nickel complex is extremely slow even in a medium contain- 
ing ethanol or other organic solvents which are added in order to avoid precipitation of 
PAN and its water-insoluble metal complexes. A complete and rapid formation of the 
green complex can be achieved only if PAN is added in an amount greater than that 
equivalent to the sum of cobalt and nickel. However, with large quantities of nickel 
present, such an amount is impracticable. Consequently, the determination of micro- 
gram amounts of cobalt in this manner is limited to a nickel:cobalt molar ratio of 
about 5 : 1. Since the rate of formation of the green cobalt(III)-PAN complex seems 
to be controlled by the rate at which PAN is released from its nickel complex the 
situation can be improved by using more PAN reagent and allowing longer reaction 
times. If a considerable excess (with respect to cobalt) of PAN is employed and the 
solution is allowed to stand for an hour or more with occasional vigorous shaking or, 
preferably, by passing a stream of air or oxygen through the solution, the complete 
formation of the green cobalt complex is achieved within an hour even in the presence 
of nickel at a Ni: Co molar ratio of 200: 1. Although this ratio represents a consider- 
able improvement, a relative interference threshold of 200 cannot be considered 
adequate since many methods exist which operate quite well at values far greater 
than this. However, this system seemed suitable for the application of “substoichio- 
metric masking” with EDTA since the logarithmic stability constants of the EDTA 
complexes of cobalt and nickel (16.3 and 18-6 respectively) are only slightly over two 
logarithmic units apart. Calculations, made on the basis of the theoretical considera- 
tions presented in a Part I, indicated the feasibility of the approach even without 
taking into account the probably beneficial shift in equilibrium due to the addition of 
PAN (T = 10q, P = O-98, Q = 1O”‘3 and from Fig. 1 of Part I, f- 90%). However, 
because of the extent to which kinetic effects are involved, extreme caution was 
exercised when evaluating the results of these calculations, and experiments were 
made in order to reach a valid decision as to the feasibility of substoichiometric 
making. The evidence obtained from initial experiment was quite favourable, and, 
as will be shown below, a method was developed which allowed an adequately accurate, 
precise, and reasonably rapid extraction-photometric determination of small amounts 
of cobalt in the presence of large quantities of nickel. 

EXPERIMENTAL 

Nickel solution 0.5F. Prepared by dissolving 29 g of nickel metal (99.9% pure) in a minimum 
amount of nitric acid (1 f 1) and diluting to 1 We. 

Cob&r solution, O~IOOF. Prepared by dissolving 1.473 g of cobalt metal (S9.9% pure) in a mini- 
mum amount of nitric acid (1 + 1) and diluting to 250 ml. A 2.00 x lO+F cobalt solution was 
prepared by an appropriate dilution of this stock solution. 
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EDTA solution, O-1 F. Prepared by dissolving 37 g of the disodium salt in water and diluting to 1 
litre. 

PAN solution, O.OlOF. Prepared by dissolving 0622 g of reagent grade material in 95 % ethanol 
and diluting to 1 litre. 

Procedure 

Dissolve the sample and dilute with water to known volume (Note 1). Take one or two small 
aliauots and titrate with the @lF EDTA solution (Note 2). Take an aliauot of the samole solution 1 . 
co&esponding to 20-300 pg of cobalt and add O-1F EDTA solution in an amount sufficient to decrease 
the molar ratio of “free Ni”:Co below a value of 2OO:l (Note 3). Add 96% ethanol until the resulting 
solution contains 50-60% v/v alcohol. Add to the solution hydrochloric acid (1 T 1) or dilute 
ammonia until pH is 2G2.5 (measured by pH meter). Transfer the solution to a separating funnel, 
add 5 or 10 ml of PAN solution and aerate for at least one hour with air or oxygen (Note 4). After 
the green colour has developed, add enough water to bring the ethanol concentration below 20 % v/v. 
Add 2-3 ml of O.lFEDTA to the resultant solution, shake it and allow it to stand for l-2 min. Extract 
with IO-ml portions of chloroform until the extract is colourless. To the combined extracts add 
enough concentrated hydrochloric acid to give a final concentration of 2 ml of this acid per 100 ml of 
final solution. Dilute to volume with 96% ethanol and measure the absorbance of the solution at 
625 rnp against a reference solution containing identical concentrations of hydrochloric acid and 
PAN. Evaluate by means of a calibration curve prepared by carrying through the procedure a series 
of 50% v/v ethanol-water mixtures containing increments between 1 and 25 ml of 2 x 10-4F cobalt 
solution. 

Notes. (1) Nickel metal is dissolved in the minimum amount of nitric acid (1 + 1) with warming. 
Nickel salts may be dissolved in water containing a few drops of an acid. 

(2) The titration is performed conventionally in an ammoniacal solution with Murexide as indica- 
tor or at pH 4-5 in the presence of some copper-EDTA at an elevated temperature with PAN as 
indicator.3 

(3) If the amount of cobalt and thus the Ni:Co ratio are completely unknown a rough predeter- 
mination may be performed by carrying an aliquot of the sample solution through the procedure 
outlined above, after adding 98% of the amount of EDTA equivalent to the metals in the sample. 
The solution is then aerated for about an hour in the oxidation step. The conditions for the subsequent 
actual determination should be designed according to the result obtained in this rough determination. 

(4) Alternatively the solution may be shaken vigorously at short intervals. For the application of 
longer aeration times see Discussion and Results. 

(5) Since no nickel is present in the standards, addition of EDTA can be omitted and the I-hr 
aeration period is shortened to 5 min of vigorous shaking before extraction. 

RESULTS AND DISCUSSION 

The results of several photometric determinations of cobalt, alone and in the 
presence of nickel are presented in Table I. For solutions containing Ni : Co molar 
ratios in excess of 2000: 1 a small correction for the trace amounts of cobalt introduced 
with the nickel stock solution was necessary. A determination of the amount of 
cobalt in this nickel solution according to the procedure outlined gave an insignifi- 
cantly higher value than that obtained in a polarographic determination. * The use of 
either result for the correction of experimental values produced essentially the same 
correction factor. The observed slight tendency towards negative errors is probably 
due to the incomplete formation of the cobalt(M)-PAN complex. 

The optimum pH range for the formation of the green cobalt complex was found 
to be pH 2-O-2.5. At a pH higher than 2.5, a lower rate of formation was observed, 
and at a pH lower than 2.0, erratic results were obtained. 

A 50 % V/V ethanol-water solution is necessary in order to prevent the precipitation 
of water-insoluble metal-PAN complexes. Incomplete colour development was 
observed in solutions which became turbid owing to the precipitation ofthese complexes 
(predominantly the nickel-PAN complex). In cases where a considerable amount of 

+ Performed by Mr. Wm. Wolfram, J. T. Baker Chemical Co., Phillipsburg, N.J., whose aid is 
greatly appreciated. 
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TA~LEI.-REPRESEX~ATIVERESULTS OFTHE PHOTOMETRICDETERMNATION OF 

COBALTINNKKEL 

Added, ml 

Cobalt, 2.0 x IO-‘F 
Ni:Co, 

Found, ml Difference, ml Molar ratio 

10~00 10.00 OGI 1OOf 
IO+0 lO*OO 0.00 100’ 
l@OO 9.90 -0.10 2OOt* 
10.00 9,95 -0.50 2OOt* 
lO+Kl lO+lO 0.00 500 
8.00 7.97 -0.03 700 

1000 lO+O O-00 1000 
5.00 5.00 0.00 1000 
8.00 8.01 +0.01 1000 

15.00 14.95 -0.05 1000 
5*00 4-97 -0.03 2000 

lOXI0 10-05 +0*05 2000 

;:; 7.95 8-00 -0.05 0.00 2500 3000 
10~00 1000 O+Ml 3000 
5.00 5.00 O%KJ 6000 

10.00 10.00 0.00 6000 
15.00 1495 -0~05 6000 
5.00 5.00 003 8000 

10.00 9.95 -0.05 8000 
10~00 10.00 O+O 10000 
8.00 8+-IO O-00 12000 

1003 9.95 -0.05 15000; 
5@0 4.97 -0.03 2OOOOt 

lO@O 9.95 -0~05 20000t 
10.00 9.97 -0.03 2OOOOt 

* No EDTA added. 
t Aerated for 2 hr., 

“free” nickel was present, 60-70 % v/v ethanol-water solutions were often necessary. 
On the addition of chloroform to solutions containing such a high proportion of 
ethanol, only a single phase is formed. Thus, in order to ensure the formation of two 
phases and their adequate separation, a considerable quantity of water must be added 
before the extraction can be carried out. 

The nickel-PAN complex, if extracted along with the cobalt(III)-PAN complex, 
interferes with the photometric determination since it absorbs slightly at 624 mp. 
In order to avoid this interference, the PAN-complexes of nickel and other metals are 
destroyed by the addition of excess of EDTA before extraction. Further, hydrochloric 
acid is added to the extract to decompose any traces of metal complexes (other than 
those of cobalt) which may have survived the EDTA treatment. 

The rule that the “free Ni”: Co molar ratio should be 200: 1 or less cannot be strictly 
followed for solutions containing extremely large amounts of nickel. For such solu- 
tions, reduction of the original ratio to a value of 200: 1 necessitates the addition of 
over 99 ‘A of the stoichiometric amount of EDTA. In such cases slightly negative errors 
in the pretitrations may lead to the addition of an excess of EDTA and result in the 
complexation of some or even all of the cobalt. Therefore, for solutions having Ni: Co 
molar ratios in excess of 5000: 1, it is more practical to add 98 % of the volume of EDTA 
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required. The resultant solutions have “free Ni”: Co molar ratios higher than the pre- 
scribed 200 : 1. The addition of a larger amount of PAN solution (15 ml) or aeration for 
a longer period of time, or both, is then necessary to develop the green colour fully. 
With this modScation applied, two hours’ aeration was found to be sticient for 
Ni : Co ratios up to 20000 : 1. It should be pointed out that further investigations are 
being conducted to study the mechanism of the oxidation of the cobalt@ )-PAN to 
the cobalt@&PAN complex. It is not fully clear whether the oxidation is caused by 
dissolved oxygen or by other species present in the solution. The only experimental 
fact at hand is that passing a stream of air or oxygen leads faster to full development 
of the green colour than does mere standing with occasional shaking. 

It is quite possible that substoichiometric masking in combination with a chloro- 
form extraction of the green cobalt(III)-PAN complex may be applied to the deter- 
mination of cobalt traces in other metals or salts. In the present study, however, 
the influence of other metals was investigated with these metals at ratios which might 
be expected as additional low-level impurities. Calcium, magnesium and aluminium 
have no influence. Copper(I1) forms a quite stable EDTA complex and when sub- 
stoichiometric masking is applied to eliminate the influence of the nickel, copper is 
almost completely complexed by EDTA. Small quantities of copper combining 
with PAN are eliminated by the addition of excess of EDTA after the development of 
the green colour or by addition of hydrochloric acid to the combined extracts. Copper 
was tested in amounts up to a Cu:Co molar ratio of 500: 1 and found to have no 
influence on the cobalt determination. 

Cadmium and zinc had no influence at molar ratios up to 100: 1. However, the 
rate of formation of the Co(III)-PAN complex seemed to be decreased slightly at 
Cd : Co or Zn: Co molar ratios greater than about 10: 1, and a longer aeration period 
(about 2 hr) was found to be necessary. 

Iron(II1) forms an extractable red PAN complex which is destroyed neither by the 
addition of excess of EDTA nor by the addition of hydrochloric acid to the combined 
extracts. Thus, iron(II1) not only decreases the concentration of “free” PAN in the 
solution, thus reducing the amount of reagent available for the formation of the 
cobalt(H)-PAN complex, but also interferes with the photometric determination, 
owing to the absorbance of the iron(III)-PAN complex at 625 mp. Unexpectedly, 
this complex is formed even when substoichiometric masking of nickel with EDTA is 

applied. Iron(II1) can only be tolerated at Fe:Co molar ratios up to 10: 1. 

Acknowle&emen~-The work was aided in part by a grant from the National Science Foundation, 
Washington, D.C. This help is greatly appreciated. 

Zusammenfassung-Kobalt kann in Gegenwart von hohen Nickel- 
mengen bestimmt werden, wenn letzteres Metal1 durch substSchio- 
metrische Maskierung mittels Zusatz von 4: 98 Prozent der theoretisch 
beniitigen Menge an &3TE ausgeschaltet wird. Hierbei wird das 
Verhaltnis “freies Nickel” : Kobalt unter die StBrschwelle gedrtickt 
und das Kobalt kann komplett als giiner Kobalt(III)-PAN Komplex 
mit Chloroform extrahiert werden. Kleine Mengen an mitextrahiertem 
Nickel-PAN Komplex werden durch eine nachtrzgliche Behandlung 
mit ADTE und Salzslure unschldlich gemacht. Die Extinktion des 
behandelten Extraktes wird bei 625 rnp gemessen. Kupfer, Zink, 
Kadmium und Eisen staren nicht in VerhHltnissen (LU Kobalt) von 
500:1, lOO:l, lOO:l, bzw. 1O:l. 
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R&m&-On dose le cobalt en la presence de,grandes quantites de 
nickel en dissimulant ce demier substoechiometrlquement par addition 
d’environ 98% de la quantite theoriquement requise d’EDTA. Le 
rapport “nickel 1ibre”:cobalt est ainsi abaissi en dessous de la 
valeur critique et I’on extrait le cobalt en chloroforme it l’btat de 
complexe vert cobalt (III)-PAN. De petites quantites de nickel- 
PAN forme sont ditruites par un traitement subsequent EDTA-acide 
chlorhydrique. L’absorption de l’extrait trait& est mesurQ a 625 rnp. 
Le cuivre, le zinc, le cadmium et le fer n’interferent pas dans des 
proportions (par rapport au cobalt) de 500:1, lOO:l, 1OO:l et 1O:l 
respectivement. 
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Summary-A new group of reagents-the 2,7-bisazo derivatives of 
chromotropic acid-has been synthesized and the reaction of these 
compounds with niobium studied. Reaction with niobium occurs in 
strongly acidic medium (l-3N) and is characterized by high sensitivity 
(E = 30-50 x 103. The functional grouping responsible for the 
reaction was shown to be the o,o’-dihydroxyazo group. The analytical 
usefulness of the reagents is determined by the presence of the electron- 
withdrawing substituents and the nature of the diazo coupling compon- 
ent. Niobium reacts in partially hydrolysed form with these reagents, 
to give 1: 1 complexes. 

IN PREVIOUS worksls some 2,7-bisazo derivatives of chromotropic acid, containing 
an o,o’-dihydroxyazo grouping, were examined as reagents for the photometric 
determination of niobium, and seemed promising reagents for some other metals.3a4 
One of these reagents-sulphochlorophenol C-has come to be widely used for the 
determination of niobium.5 Further study of this class of compound has led to the 
finding of a series of more sensitive and useful reagents, enumerated in Table I together 
with details of their reaction with niobium. Figure 1 shows the absorption spectra of 
reagent and complex, and Fig. 2 shows the effect of acidity on the colour development. 
The reagents give similar colour reactions with a series of other elements-zirconium, 
hafnium, vanadium, molybdenum, copper, scandium, aluminium, indium, gallium 
and palladium-and can be used for their determination. The present work deals 
with the niobium reaction. 

THE FUNCTIONAL GROUP 

It has been reliably established that in the monoazo compounds such as Lumogal- 
lion or Anthracene Chrome Violet, the o,o’-dihydroxyazo group is functional for 
niobium, but for the group of reagents studied here (the azo derivatives of chromo- 
tropic acid) more exact definition is required. The peri-dihydroxy group ofthechromo- 
tropic acid may also be active. According to Ackermann and Koch6 this grouping is 
characteristic for niobium, and niobium has been determined with chromotropic 
acid.’ 

Our results show, however, that the presence of these groupings is not itself 
sufficient for a colour reaction to occur with niobium. The structure of the whole 
molecule must be taken into account, and the modern approach to consideration of 
functional groups considers not only specific elements of the structure of a given 
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602 I. P. ALWARFJ, S. B. SAWIN and L. A. OKHANOVA 

TABLEL-COLOUR RUCI-IOE; OF NIOBKM WITH ?,7-BISAZO DERIVATIVES OF CHROMOTROPIC 

ACID 

-I’ 3’ 

-.a’ 

r S” 

No. Substituents Name of reagent 
Reaction 

conditions, U, E 
[HCll, kf mp 

1 

2 

3 

4 

5 

6 
7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

5-nitro-3,3’-disulphonic 
acid 

5-nitro-3,4”,8”-trisul- 
phonic acid 

5-chloro-2’-carboxylic- 
3-sulphonic acid 

5-chloro-3,3”,8”-trisul- 
phonic acid 

5-nitro-3,3”,8”-trisul- 
phonic acid 

5-chloro-3-sulphonic acid 
5-chloro-3,3’-disulphonic 

acid 
3,5-dinitro-3’-sulphonic 

acid 
3,5,5’-trinitro-2-hydroxy- 

3’-sulphonic acid 
2-carboxylic-5-nitro-3- 

3-sulphonic acid 
3,5-dinitro-2-carboxylic 

acid 
3,5-dinitro-3”,8”-disul- 

phonic acid 
5,5’-dichloroG’-hydroxy- 

3-sulphonic acid 
5,5’-dinitro-2’-hydroxy- 

3,3’-disulphonic acid 
5,5’-dichloro-2’-hydroxy- 

3,3’-disulphonic-acid 
5-chloro-2’-hydroxy-3,5’- 

disulphonic acid 
3,3’,5,5’-tetranitro 

sulphonitrophenol M 

sulphochlorophenol K 

sulphochlorophenol AE 

sulphonitrophenol AB 

sulphochlorophenol B 
sulphochlorophenol M 

picramine M 

sulphonitrophenol K 

picramine K 

picramine AE 

sulphonitrophenol S 

sulphochlorophenol S 

picramine S 

3 

0.1 

1.5 

2 

1 

2 
25 

2.5 

3 

3 

1 

1 

1 

2 

1.5 

2 

6 

80 53000 

90 50000 

80 50000 

60 48600 

80 48000 

90 44000 
90 43000 

60 42000 

50 42000 

95 40000 

95 40000 

80 38000 

60 36000 

85 33000 

80 33000 

80 31500 

50 3oOo0 

S = symmetrical; K = carboxyl; B = benzene; M = metanilic acid; AE = amino-e-acid. 
The nature of the diazo coupling component or the substituent in it that is o&o to the azo grouping 
is indicated. In reference 2, S was incorrectly transliterated as C in sulphonitrophenol S etc. 
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FIG. L-Absorption spectra of sulphonitrophenol M (I) and its niobium complex (2). 

I I I I I I I 
0 I 2 

&LlM, 4 5 6 

FIG. 2.-Effect of acidity on the maximum absorbance at 640 mp of various reagents 
and their niobium complexes. 

I-Sulphochlorophenol K, 0.8 x 10-SM: 2-sulphonitrophenol C, 1-08~ 10-sM: 
3-sulphonitrophenol M, 1.46 x 10-6M: 4-Nb complex of I; 5-Nb complex of 

2: 6-Nb complex of 3. 

compound but also those or related compounds, and we therefore synthesized several 
compounds of the type under investigation. 

In general, monoazo compounds of chromotropic acid gave either no colour 
reaction with niobium or a reaction of such little colour contrast that it was not analyt- 
ically useful. In the first group were the compounds 

and in the second 
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where (and subsequently) X denotes 

OH OH 

-N=N*wN-, 

HO,S”SO,H 

Thus in the case of the azo derivatives of chromotropic acid, the second diazo 
component determines the analytical usefulness of the reagent. Study of a series of 
bisazo compounds which did not contain hydroxy groups in the benzene rings showed 
that compounds of this type do not give interesting colour reactions with niobium: 

where Y = -AsO,H,, -COOH, --SO,H. 

A negative result was also obtained with compounds based on o-anisidine: 

whereas reagents derived from o-aminophenol gave a distinct colour reaction with 
niobium : 

We therefore conclude that the o,o’-dihydroxyazo grouping is the functional group of 
niobium complexation by the 2,7-bisazo derivatives of chromotropic acid. 

INFLUENCE OF SUBSTITUENTS 

From Table I, which shows the best reagents for niobium, it can be seen that 
almost all of these contain two electron-withdrawing substituents. The presence of 
only one such group is insufficient to make the reagent analytically useful, and intro- 
duction of a donor group severely impairs the complex-forming properties of the 
reagent. Thus reduction of sulphonitrophenol S with sodium sulphide in acetic acid 
medium gives a compound with practically no colour reaction with niobium. The 
same thing happens with reduction of picramine S or M, etc. 

HO,S OH HO . SO,H 

0-Q 

X 

H,N NH, 

The nature and position of the electron-withdrawing substituents is important. 
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The most interesting reagents were obtained by using the following aromatic amines. 

Other well-known reagents such as Lumogallion also contain electron-withdrawing 
substituents ortho and para to the hydroxy group. Evidently the influence of these 
substituents is connected with their effect on the ionization of the hydroxy group. 
Furthermore, in the absence of such substituents we may expect internal hydrogen 
bonding 

O-H.,, a- R, 

with consequent deactivation of the reagent in complex-formati0n.s It is also impor- 
tant that these substituents appear to act as auxochromes, leading to a better colour 
contrast in the reaction. 

INFLUENCE OF THE SECOND COUPLING COMPONENT 

From the niobium complexes of a series of compounds synthesized from the same 
coupling compounds (e.g., 2-amino-5-chloro-3-hydroxybenzenesulphonic acid and 
2-amino-3-hydroxy-5-nitrobenzenesulphonic acid) it is evident that the colour reaction 
depends on the nature of the second coupling component even though this plays no 
direct part in the metal bonding. 

The electronic structure of the 2,7-bisazo derivatives of chromotropic acid shows 
that these contain essentially two partially conjugated systems each of which includes 
the azo group, the naphthalene nucleus, and the substituted benzene nucleus? 

As a result of the partial conjugation, the second coupling component influences the 
reactivity of the functional grouping and the absorption spectrum of the metal 
complex. Its effect is also determined by its spatial location, its electron-withdrawing 
properties, the possibility of internal hydrogen-bonding, and the possibility of tauto- 
merism. Table I shows that the best reagents are those with a symmetrical structure or 
containing an anthranilic, metanilic, or e-amino acid as second coupling component: 

SO,H NH, SO,H 

aso H KN-6 

3 

a:” 
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COMPOSITION AND STRUCTURE OF THE COMPLEXES 

The reagents synthesized contain either one or two o,o’-dihydroxyazo groups: 

R&$&K R$7J&jh 

the second of these does not appear to influence the analytical properties of the reagent, 
so it may be concluded that only one of the groups is reactive. This conclusion is 
reached from a study of the composition of the complexes (obtained by the usual 
methods-the details are not given here), which are all 1: 1 except for the picramine 
S complex which has a metal:reagent ratio of 1:2. This exception is in agreement 
with Pfitzner’s principle,‘O which states that reagents containing smaller numbers of 
salt-forming groups (whether participating in complex formation or not) form 
complexes containing a higher proportion of reagent. 

In the general case the stoichiometry of the reaction does not indicate whether 
the complex is monomeric or polymerized, but the study of a series of reagents of 
similar structure permits conclusions to be drawn on this point. When 1: 1 complexes 
are formed with reagents which have an asymmetric structure, only one structure is 
possible for the niobium complex (unless there are intermolecular associations, but 
we did not consider this possibility). With symmetrical reagents, however, it is a 
priori impossible to differentiate between 1: 1 and 2:2 complexes from the stoichio- 
metry. There are, however, no reasons for supposing that symmetric reagents react 
by a different mechanism from that for asymmetric reagents, so it is more 
likely that the complexes are all monomeric, in agreement with the findings for the 
arsenazo III complexes of thorium, uranium and lanthanum.9 The mechanism is 
connected with the fact that in formation of the complex with one of the functional 
groupings, a positive charge is induced on the azo group of the second functional 
grouping, and this hinders formation of the second nitrogen-metal bond. Only with 
certain typical transition metals (copper, vanadium and molybdenum) are complexes 
found with a 2: 1 metal:reagent ratio, and this can be explained by n-back-bonding 
with its attendant equalization of the charge and stabilization of the metal bonding 
with both azo groups. 

In some cases the complex precipitates on long standing. It seems that this does 
not indicate a change in the structure of the complex or polymerization, but rather the 
agglomeration of micro-particles of a low-solubility complex. The stoichiometry 
remains the same. 

Establishment of the structure of the complex is more complicated. For cations 
such as copper(H) which react in weakly acidic solution, it was possible to determine 
by potentiometry the number of protons released, and on this basis to propose the 
structure 

o-cu-0 

-$L$-y 
Such direct methods are not possible for complexes formed in strongly acidic 
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solution, and the indirect methods are not very reliable. There is no convincing proof 
that the reaction mechanism is the same in weakly and strongly acidic media, and in 
the latter, where ionization of the hydroxy group is suppressed, the structure 

/ I I 

cannot be excluded from examination. Certainly for the zirconium-arsenazo III 
system the spectrophotometric data indicate that the mechanism changes with the 
acidity, protons bein g released in weakly acidic but not in strongly acidic media.4 

Experiments with the reagents containing a substituted hydroxy group (the 
anisidine reagents mentioned earlier) gave some indirect information. The presence 
of a liable hydrogen atom in the hydroxy group on the benzene ring appears to be an 
essential condition for the reactivity of the o,o’-dihydroxyazo grouping for niobium, 
though it should be noted that the anisidine-type reagents will react with copper(H). 

The second problem is the nature of the reactive niobium species. Much has been 
written on this, but the problem is far from being solved. We accept the findings1’*12 
that in I-3M hydrochloric acid niobium exists as a partially hydrolysed species and 
that its complexes can form mixed ligand complexes with the anions of mineral 
acids or oxy-acids (Ox, e.g., tartrate and citrate). We can therefore postulate the 
following structures for the niobium complexes of those o,o’-dihydroxy compounds: 

Zusammenfassung-Eine neue Gruppe von Reagentien-die 2,7- 
Bisazoderivate der Chromotrops;iure-wurde dargestellt und die Reak- 
tion dieser Verbindungen mit Niob untersucht. Die Reaktion mit 
Niob findet in stark saurem (l-3 N) Medium statt und ist durch hohe 
Empfindlichkeit gekennzeichnet (E = 30-50. 1O3). Es wurde gezeigt, 
daB die filr die Reaktion verantwortliche Gruuuierune die o.o’- 
Dihydroxyazogruppe ist. Der analytische Nutz& der “Reagentien 
wird durch die Gegenwart der elektronensaugenden Substituenten und 
die Natur der Diazokupphmgskomponente bestimmt. Niob reagiert 
in teilweise hydrolysierter Form mit den Reagentien zu 1: I-Komplexen. 

R&urn&On a synthetise un nouveau groupe de rtactifs, les derives 
2,7-bisazo de I’acide chromotropique, et ttudie la reaction de ces 
composts avec le niobium. La reaction avec le niobium a lieu en 
milieu fortement acide (1 - 3N) et est caracteriste par une sensibilitt 
Clevte (E = 30 - 50 X 1O3). On a montre que le goupement fonc- 
tionnel responsable de la reaction est le groupe o,o’-dihydroxyazo. 
L’inttret analytique des reactifs est determine par la presence des 
substituants attracteurs d’tlectrons et la nature du composant de 
diazocopulation. Le niobium reagit sous forme partiellement hydro- 
1ysQ avec ces reactifs, dormant des complexes 1: 1. 
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STUDIES ON URANYL COMPLEXES-III 

URANYL COMPLEXES OF EDTA* 

J. J. R. FRA~TO DA SILVA and M. LOURDES SADLER SIMOES 
Centro de Estudos de Quimica Nuclear (I.A.C.), Instituto Superior Tknico, 

Lisbon, Portugal 

(Receiwd 13 April 1967. Revised 12 December 1967. Accepted 4 February 1968) 

Summary-The uranyl complexes of EDTA have been studied by 
potentiometry; stability constants of the 1: 1 and 2: 1 (metal to ligand) 
chelates have been determined, as well as the respective hydrolysis and 
polymerization constants. Possible structures for these species 
are discussed. To account for the abnormally high stability of 
UO,(H,O)HL-, hydrogen bonding between a protonated nitrogen 
atom of the l&and and one oxygen atom of UO,‘+ is suggested. 

THE STUDY of the complexes formed by the uranyl cation with the polyaminocarboxylic 
acids may be of considerable interest for the understanding of the behaviour of this 
ion in aqueous solution. The species formed are generally quite stable, and the 
mathematical treatment of the corresponding equilibria is not too involved. 

In the first paper of this series’ we presented stability constants for the complexes 
formed by the uranyl ion with ethyleneglycol-bis(aminoethyl-ether)tetra-acetic acid 
(EGTA); 1: 1 and 2: 1 species were identified, but since we were only interested in 
possible direct analytical applications, polynuclear olated species were not considered. 

We have also reported values for the stability constants of the so-called “normal” 
complexes of 12 iminodiacetate derivatives and have shown that these could be rep- 
resented by the linear equation 

log KNL = 1.19 log KHL - 1.87 

with a mean deviation of 10.25 in the estimated values of log KXL, at the 95 % level 
of significance.2 The 1: 1 complex of UOz2+ with EDTA behaved abnormally, 
prompting the closer study of this system which is now reported. 

Reagents 
EXPERIMENTAL 

Ethylenediuminetetru-acetic acid (EDTA). Very pure ethylenediaminetetra-acetic acid was 
obtained by acidifying to about pH 2 a solution of Fisher “certified” disodium salt of EDTA, and 
recrystallizing the product from demineralized water. 

Uranyl nitrate. A Merck analytical grade product was used ; solutions were standardized gravi- 
metrically by ignition of precipitated ammonium diuranate to triuranium octaoxide. 

Carbonate-free potassium hydroxide solutions. Carbonate-free potassium hydroxide. concentration 
C, = O~lOOM~and’l~OOn/r w& prepared according to the instructions of Sch\;arzenbach and Bieder- 
mann.3 The ionic strength was adjusted by additionof potassium nitrate, to compensate for neutraliza- 
tion of hydroxide ions during the titrations. 

Instruments 

pH measurements and titrations were made with a Radiometer PHM 4 instrument, with a Radio- 
meter type G 2025 B glass electrode and a saturated calomel electrode as reference. 

l Part II: Communication to the Academy of Sciences of Lisbon, May 1967. 
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Details of the experimental procedures have been given elsewhere;’ measurements were conducted 
in media of ionic strength 13O.~f (and also O.lOO,tl for the simple species) maintained with potassium 
nitrate; the temperature was controlled to 250 5 0.1’ by circulating water through double-walled 
titration and reference cells. The total concentration of both the uranyl ion and EDTA varied between 
5.0 x 10-‘&f and 5.0 x 10-31V (five different concentrations for the 1: 1 species and four different 
concentrations for the 2: 1 species, as indicated in Figs. 3 and 4). 

Experimental results are presented only in the form of titration or nn LW. pH curves, but data will 
be made available on request. 

CALCULATIONS 

The following conventions will be adopted: the protonated species of the ligand 
will be denoted by H,L, the uranyl ion by M, the UOP(H,O)HL chelate by MHL or 
MHL. H,O, the (UO&(H,O),L chelate by M,L or lM,L. H,O, etc. 

The corresponding formation constants will be represented by KiH, KxHL, KJ1+, 
etc. Ionization constants will be denoted by k’s and overall formation constants by 
B’s. 

Co-ordinated water molecuIes and charges will be omitted for the sake of simplicity, 
except when necessary for better understanding of the argument or derivations. 

T/ze stabiZity constant of the complex UO,(H,O)HL- : MHL 

The mass balances for the ligand and for the metal are the following: 

C, = [H&l + PALI + [H&l + W-1 i- [MHLI (1) 

CN = [Ml + EMHLI (2) 

On the other hand, the electroneutrality condition demands 

[Kf] _t [H+] + 2[M?+] = [H,L-] + 2[H,L”-] + 3[HL&] 

+ [MI-IL-I + [NO,-] -I- [OH-I (3) 

where [Kf] is the concentration of potassium ion introduced during the titration and 
[NO,-] = 2CJ1 is the concentration of nitrate ion added as uranyl nitrate. 

From equations (l), (2) and (3) may be derived 

(3 - a)G - Ml + [OHI = 3 W,Ll + 21H,Ll+ [H,Ll (4) 

and 

[M] = Cx - C, + a=[HL] (5) 

In these equations n is the “degree of neutralization”, defined as the number of 
equivalents of base added per mole of ligand. Hence, from equation (4): 

[HL] = (3 - a>& - WI i- PHI 
BH . 

The terms an and pH are given by 

(6) 

(7) 
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where the piH are the overall formation constants of the species HiL. 
The stability constant of the complex UO,(H,O)HL- is calculated from 

K 
Cx - [Ml 

“IHL = [M][HL] ’ 
(8) 

[M] and [HL] b em given by equations (5) and (6). ’ g 

The stability constant of the complex (UO&(H,O),L : M,L 

The mass balances to be considered are the following: 

CL = [HaLI f PALI f [H&l + [HLI + [Ll f [MHLI + W,Ll 

C>I = [Ml + [MHL] f 2[M,L] 

The electroneutrality condition takes the form: 

[K+] + [Hf] + 2[M”+] = [H,L-] + 2[H,L?-] t_ 3[HL%] f 4[LJ-] 

(9) 

(10) 

f NIL-1 + 

From equations (9), (10) and (11) may be derived 

[Ll = (4 - WI_ - [HI + DHI 

B If f K,,m, . A” . [Hl[Ml 
and 

PA-1 + [OH-I (11) 

(12) 

Hence 

C,[ - 2CL = [M] - 2a,[L] - [MHL] (13) 

[Ml = 
CJ[ - 2CL i- 2=,[L1 
1 + Kmm . AH [HILL1 

(14) 

Here un and @H are again given by equations (7), with the sums extended to i = 4. 
Equations (12) and (14) can be solved simultaneously by an iterative procedure and 

B %rZL is calculated from the definition: 

B 
[M,Ll G-WI- KJIBL ,%=[H1[W[L1 

JI?L = [Ml21 = 2Wl V-1 

C,, - [W{l + KMHL. it= [HI[LI: = 
2[M12. [L] (15) 

Stability constants andformulae of the polynuclear oIated species 

The formulae and formation constants for the polynuclear species formed by 
elation of the 1: 1 complexes were calculated by SillCn’s method of comparing experi- 
mental data with normalized curves.5*6 

For the species formed by olation of the 2: 1 complexes, SillCn’s “core + links” 
method7.8 was used as described below. The symbols adopted in this section are 
those used by SillCn.5*8 

Simple species 

RESULTS AND DISCUSSION 

Titration curves of 1: 1 and 2 : 1 mixtures of EDTA and uranyl nitrate are presented 
in Fig. 1. 

3 
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The inflexion at L’ .- 3 ml in curve (2) suggests that a protonated UO,HL- complex 
is formed, but two more protons are titrated up to u - 5 ml, and it is legitimate to 
assume that there exists a co-ordinated water molecule which ionizes to form the hy- 
droxo-complex UO,(OH)HL*- and the probable dimeric species (U0,),(OH),H,L24-. 

I I I I I I I 
0 2 3 4 5 6 

v. ml 

FIG. I.-Titration curves of EDTA alone and in the presence of uranyl ion 
(1) EDTA alone (C, = 10-3M) (2) with UO,?+ 1: 1 (C, = C, = 1O-3M) 

(3) with UO,?+ 2:l (C, = 10-3M, Cg = 2 x 10-3M) 

The last proton is attached to a non-co-ordinated nitrogen atom of EDTA and is 
titrated almost simultaneously. 

Calculations carried out in accordance with this hypothesis gave satisfactory and 
reproducible results. 

The behaviour of the curve for 2 : 1 mixtures of uranyl nitrate and EDTA suggests 
the formation of a (UO,),L complex; the inflexions at u - 4 ml and u - 6 ml 
require two further protons being titrated, which may again come from co-ordinated 
water molecules. Calculations carried out on this basis also gave satisfactory and 

reproducible results. 
The constants obtained for the simple species are summarized in Table I. 
The UO,‘+--EDTA system has already been studied by several investigators, 

most of the work published being of a qualitative nature.g*l” 
Klygin, Smirnov and Nikol’skaya13, Star? and PaSilova14, Bhat and Krishna- 

murthylj gave numerical values for the constants of the equilibria involved, but the 
first authors identified just the 1: 1 complex U0,HL-13*14 and the last used a spectro- 
photometric method which necessitated some simplifying assumptions for the calcula- 

tions to be possible. Agreement seems to have been reached on the structure of 
UO,HL- in which the ligand should have only one co-ordinated nitrogen atom. 
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TABLE I.-FORMA~ON CONSTASTS OF PROTON AXD URWYL COMPLEXES 
OF EDTA (log K) 

T = 25.0 2 O.l”C A’ = 0~100‘~f (IWO,) 

Species 

HL3- 
H,L2- 
H,L- 
J&L 

Constant 

log K1n 
log K,E 
log K,H 
log K,E 

Value 

10.15 + 0.01 
6.18 + 0.01 
2.69 2 0.02 
2.0 p 0.1 

UO,(H,O)HL- log KMHL 740 & O-02 

wo*)?w?oM log P&L 17.87 & 0.03 

The results obtained in the present work compare satisfactorily with those reported 
by the previous authors; hence, log K.\IHL = 7.40 for the complex UO,(H,O)HL- 
is in excellent agreement with the value obtained by Sta< and PaSilova (log KJIHL = 
7.32) by using a solvent-extraction method. la The value determined by Bhat and 
Krishnamurthy with a spectrophotometric techniquelj is higher (log KJrHr, = 7%) 
but of the same order of magnitude. For the 2: 1 compIex (U0J2(H,0),L, the same 

authors report log plrzL = 18.01 ,15 which is again in good agreement with the value 
that we have obtained (log BMzL = 17.87), although slightly higher than this. 

It should be remarked that Bhat and Krishnamurthy did not take into account the 
presence of UO,(H,O)HL- when calculating the constant of the 2:l complex and 
assumed that only this species was formed under the conditions of the measurements. 
This assumption is not justified, as can be seen in a sample of our own calculations of 

B Jr+ which included the concentrations of both UO,(H,O)HL- and (UOJz(H,0)2L, 
denoted by MHL and M,L respectively-Table II. 

TABLE LL-CALCULATIONS FOR THE DETERMINATION OF log /&L 
T = 25.0 f @l”C, cc = @lOOA KNO,) 

IMHLI [W-l 
PH [L] x 1O’j [M] x 10’ 

B&L 
a x 104 x 101 :< 10-l’ log B&L 

0.500 2683 0.775 
1.100 2.774 1.042 
1.300 2810 1.171 
1.400 2.830 1.251 
1.500 2.850 1.330 
1.600 2869 I.405 
1.700 2.890 1.495 
1.800 2.914 l-610 
I.900 2940 1.751 
2000 2.961 1.840 
2.500 3.121 2.956 
3030 3.342 5.237 

log ,&I. = 17.87 t 0.03. 

7.239 4.027 2.666 6.564 17.82 
6.381 3.870 3.132 7.381 17.87 
6,141 3.853 3.247 7.353 17-86 
6-049 3.873 3.276 7.157 17-86 
5.896 3.833 3.366 7279 17.86 
5.716 3.757 3.488 7.599 17.88 
5.547 3.696 3.596 7.817 17.89 
5.422 3.681 3.658 7.729 17.89 
5.382 3.743 3.640 7.177 17.86 
5.056 3.520 3.909 7.301 17.86 
4622 3.577 4.064 6,435 17.81 
3447 2.843 4.985 8.012 17.90 

The consistency of the results obtained in a ten-fold range of concentrations 

(log e JhL = 17.77 for C>r = 10-2M, ,I,C = l*OM KNO,) gives further support to our 
results, and it seems likely that if the actual concentration of the several species had 
been taken into account, Bhat and Krishnamurthy’s constants would be lower, thus 
improving still further the agreement with the values presented in this work. 
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A different line of evidence comes from the comparison of the 

determined value of log ,3 ,+ with that predicted by the equation: 

log KJrL = 1.19 log Knn - 1.87 

which was derived for 12 iminodiacetate ligands.’ 

experimentally 

For this case log Knn = log KrH _t log K, H = 10.15 + 6.18 = 16.33; hence, the 
predictedlog tiqL is 17.56 & 0.25,againingoodagreement withtheexperimentalvalue. 

The same reasoning can be applied to the protonated complex UO,(H,O)HL-, 
but now the constant predicted by the equation above is log KJraL = 5.65 while the 
experimental value is log KJrHL = 7.40. This is rather unexpected and surprising, 
but comparison with the formation constants of similar compiexes of closely related 
ligands confirms that EDTA is behaving rather abnormally in this case. 

In Table III we present calculated and experimental values of log K,,,, for the 
uranyl complexes of 1,2-diaminocyclohexane-N,N’-tetra-acetic acid (DCTA), 
together with the corresponding values for EDTA. 

TABLE III.-COMPARISON OF log K>IHL VALUES FOR THE URAXYL COMPLY of 
DCTA AND EDTA 

Ligand 

EDTA 
DCTA 

* Ref. 14 

px.“[H,L expt. log K>IHL talc. log K~IHL A 

6.18 740 5.48 +1.92 
6.12 5.27* 5.41 -0.13 

The difference of behaviour in the two systems is obvious, implying that either 
EDTA is not acting only as a terdentate ligand towards the UO,“+ ion or that some 
other interaction between the ligand and this ion must be considered, besides co- 
ordination by the iminodiacetate moiety. 

The first hypothesis is highly unlikely in view of the titration curves, consistency of 

results and synthetic work;‘s as to the second hypothesis, some further data for the 

corresponding complexes of other polyaminocarboxylate ligands will help the discus- 
sion. 

In Table IV, we summarise the results obtained for 1,3-diaminopropanetetra-acetic 
acid (PDTA) and for 1,6-diaminohexanetetra-acetic acid (HDTA), together with 
those for DCTA and EDTA. 

TABLE IV.-COMPARISON OF log KJ~HL FOR THE URANYL COMPLEXES OF EDTA, 
PDTA, HDTA AND DCTA 

T = 25.0 + 01°C. p = O.lM (KNO,) 

Ligand 
P%+ 

expt. log K~IEL talc. log KJ~~L A 

ED-l-A 6.18 7.40 5.48 t1.92 
PDTA 7.88 8.94 7.51 fl.43 
HDTA 9.75 9.96 9.73 +0.23 
DCTA 6.12 .5.27* 5.41 -0.14 

* Ref. 14 

The results presented in Table IV are quite significant and show that the abnormally 

high values of log K1rHL are related to the closeness of the two nitrogen atoms in the 

molecule of the ligands. 
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Thus, for EDTA, with two methylene groups between the nitrogen atoms, there is 
an increase of about 2.6 kcal/mole in the ligational free ener=oy of the complex, 

whereas for PDTA, with three methylene groups separating the two nitrogen atoms, 
this increase is 2-O kcal/mole. For HDTA, with six methylene groups between the 
nitrogen atoms and for DCTA in which the nitrogen atoms are trans relative to the 
cyclohexane nucleus, the deviation between experimental and calculated log KJrHr, 
values is within the mean deviation of the predicted values, as one would expect 
if the ligands behave strictly as terdentate towards the U02ef ion. 

Now, since one of the nitrogen atoms of EDTA or PDTA is undoubtly protonated 
in the UO,(H,O)HL-complex, it is obvious that it cannot be involved in co-ordination 
to the metal and the reason for the abnormal stability of this species, which is related 
to the length of the chain between the nitrogen atoms, must be looked for in some other 
structural detail also related to the length of that chain. 

Molecular models show that there is very little likelihood of a third carboxylate 

group co-ordinating to the uranium atom, whatever the distribution of the ligands in 
the equatorial plane of UO,?‘, but support the possibility of hydrogen bonding between 

the protonated nitrogen atom in EDTA or PDTA and one oxygen atom in UOS2f, as 
schematically represented in Fig. 2. 

R 

OH2 

FIG. 2.-Hydrogen bonding in the U02(H20)HL- complex. 

This is not possible in the DCTA chelate and not very likely in the complex formed 
by HDTA, except at the expense of considerable loss of configurational entropy of the 
ligand. 

The formation of hydrogen bonds can account for the 2-3 kcal/mole increase in 
stability of the protonated complexes of EDTA as well as PDTA, and explains also 
the low ionization constant of the proton bound to nitrogen in these complexes, 
when compared with the “normal” value in the free iigand or in similar complexes of 
other ligands. The experimental demonstration of its existence is not, however, very 
easy, although the synthesis of well-defined species for spectroscopic studies, which is 
under way, may give some interesting evidence. 

Olated species 

The titration curves of Fig. 1 suggest the existence of a molecule which ionizes 
to form the hydroxo-complex UO,(OH)HL-. The remaining ionizable proton is 
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attached to an unto-ordinated nitrogen atom of EDTA and dissociates at a pH 
lower than is usual for free ammonium radicals. 

It is unlikely that a species such as UO,(OH)HL- exists in solution except at 

comparatively high dilutions and one would expect polynuclear complex formation 
to take place, leadin g, in this case, to a dimer with two OH bridges. For the 2:l 
complex, (U0J2(H,0)zL, similar behaviour should lead to the formation of several 
polymers, since the olation reaction can take place at opposite ends of the complex 
molecule. 

PH 

FIG. 3.-Formation curves for the olation of UO,(H,O)HL-, initial concentration B. 
A-B = 5TM x IO-“M 0-B = l-00 x lo-3M 
e---B = 1.92 x IO-SM B-B = 2.46 x 10-3M 

a--B =4.91 x 10-3M 

To test these possibilities and determine the formulae and formation constants 

of the various species formed, we have titrated 1: 1 and 2: 1 mixtures of UOz2+ and 
EDTA over a ten-fold concentration range in l*OM potassium nitrate media. 

The titration data were plotted as fin vs. pH curves and are presented in Figs. 3 

and 4. 
The formation function tin is calculated by fin = (2B - aB)/B = 2 - a where B 

is the total concentration of the 1: 1 or 2: 1 complexes and u is the degree of neutraliza- 
tion. 

Although the use of fi,n instead of ii, would be in better agreement with the nature 

of the reaction, there is no advantage in this practice since the actual measured quantity 
is pH and conversions would be needed anyway. 

The curves in Fig. 3 cross over at fin = 1, suggesting that only one polynuclear 

complex A@, co-exists with the mononuclear species, P/Q being equal to 1. 
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We have thus considered the physically obvious hypothesis of co-existence of the 
chelates UO,(H,O)HL-, UO,(OH)HL’-, (UO.&(OH)eH,Le’- and their ionization 
products. 

The normalized curve for this case has already been given by SillCn,S and Rossotti 
and RossottP and was adapted to the present case by considering P = Q = 2 and 
rearranging. 

2 

I 

I.? ’ 

0 

.5- 

.o- 

‘.5- 

4.0 

PH 

-0 

-0 

-1. 

- 1. 

3.0 

.5 

0 8 IC 

5 

FIG. 4.-Formation curves for the olation of (U02),(H,0),L, initial concentration B. 
0-B = 5-00 x lo-‘M 0-B = 140 x 10-3M 
0-B = 246 x 10-JM ,_j -B = 492 x 10-JM 

The actual expression used was 

log B = log[(a + 2Ra2) - fi(l + a + Ra?)] 

+ log (2Ra” - 2) - 2 log a - 2 log (2 ti - 2) 

The symbols have the meanings given by these authors,j*6 and the best value for R, 
found by iteration, is O-209. 

In Fig. 5 the experimental data are superimposed on the normalized curves; 
the agreement is quite satisfactory and the formation constants can thus be obtained : 

KJWOWHLI 
“r = [UO,(OH)L][H] = lW30 

[UO,(HzO)HLl 
812 = [UO,(OH)L][H]2 = ‘on’*’ 

KWJdOWW-~l = 10Lj.B7 
” = [UO,( OH)L]?[H]” 
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For the complex UO,(H,O)HL- we have then: 

1st proton ionization constant (H,O): 
2nd proton ionization constant (-NHT): 

dimerization constant: 
at T = 25” and p = I.0 (KNO,) 

pk, = 5.62 

pk, = 6.30 
log KD = 3.27 

‘og h 
0 0.5 I-C i.5 

-20 , I 1 

-6.5 -6 0 -5 5 -5.0 

log h 

1 

5 

m 

H 

J3 

FIG. 5.-Olation of the complex UO,(H,O)HL-; experimental points (log B, log h) 
superimposed on theoretical normalized curves (log B, log h) for various values of 17,. 

The dimerization constant Ku is defined as 

K = W&),(OH),H,L,I 
D [U0,(OH)HL12 

It is of interest to compare these results with those reported by previous investiga- 

tors who studied the uranyl complexes of some related ligands. 
Thus Rajan and MartelP found for the uranyl chelate of N-hydroxyethylimino- 

diacetic acid U02(H,0)L’, the values 

ionization of co-ordinated water: pk, = 5.87 

dimerization constant: log K,, = 3.65 

at the same temperature and ionic strength. 
For the reaction 

2UO,(H,O)L’ + (U0,)1(OH),L’2Z- + 2H’ 
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these authors reported an equilibrium constant K = 1O-8-W; the equivalent reaction 
gives in our case K’ = 10-7’g7. 

The agreement is quite satisfactory and is evidence for the similarity of behaviour 
in both examples, implying similar structures for the dimers, as in I below: 

R 

I 

where R = -CH?-CH,OH for N-hydroxyethyliminodiacetic acid and -CH,- 

CH,-&H(CH,COO-)Z for EDTA. 
As for the olation of 2: 1 species, it can be seen that the curves in Fig. 4 have the 

same shape, within the limits of experimental error, and are only shifted along the 
log h axis. Moreover, the spacing A log h between two curves is proportional to 

log B: 

- 

- 0.6 0.8 I-O I.2 I.4 1.6 I.8 A, 

I 
6.0 

I 
5.5 

I 
5.0 

log h 

I 
4.5 4 0 

FIG. 6.- Olation of the complex (UO,)(H,O),L: variation of log B with log /I 
for various values of A,. Constant slope t. 

This is even more clear in Fig. 6, where log B is plotted as a function of log h for several 
values of fin. 
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If a “core + links” mechanism is admitted for the olation of the 2: 1 complexes, 
the most probable general formulae for the resulting species will be’.* 

[(UO,),L(OH),].(OH),.2H,O 

T=LE V.-EQUILIBRIUM COXSTANTS OF URANYL COMPLEXES OF EDTA (H,L) 
T = 25.0 i 0.1 “C .u = l+OM(KNO,) 

Reactions Constant Value 

HL3- L UO,‘+ G UO,HL- 
L’- f’ 2UOt?f * (UO,),L 

U0,(OH)L3- + H+ + (UO,)(OH)HL”- 
UO,(OH)HL’- + H+ Y+ (UO,)(H,O)HL- 
UOz(OH)L3- + 2Hf + (UO,)(H,O)HL- 

2U0,(OH)L3- f 2Hf + (UO,),(OH),H,L,“- 
ZUO,(OH)HL*- + (UO,),(OH),HzL,‘- 
2uO&-IaO)HL- + (UO,),(OH),H,L,‘- + 2Hf 
2(uO,),(H,O),L + (UO,),(H,O),(OH),L,l- + 2H+ 

(UO~,(H,O),L~(UO,),(OH)~L]~~~‘~- f (uo,),(H,o),L t 
(~~,),(H,~),L[(~~,),(oH),LI?“,- + 2~+ 

log KmIL 7.35 & 0.02 
log B&L 11.77 * 0.04 
log 131, 6.30 
log K,, 5.62 
log i3,, 11.92 
log P?? 1587 
log KD 3.27 
Pk 1.97 
Pkl I.38 

Pk 7.08 

which can be abbreviated to 

A,(A,B),.2H,O 

where A stands for (OH) and B for (UO,),L. 

In these conditions, according to Fig. 6 and since 

a log B a log B 
-- = - 
a log h a log [OH] 

the “core f links” mechanism will be such that 

r=-_t=-2 

The general formula of the olated complexes will then be 

(UO,),L[(UO&(OH),L],,.2H,O or B[B(OH),]._,.2H,O. 

Since B, e.g., (UO,),L.2H,O, predominates over all the other species at one end 
of the range of pH studied, the limits for fiE are t + r/n,,, = 0 and t + r/nmax = 2, 

as derived from Fig. 4. 
Hence Q, = 1 and nmaX = co, which means that an unlimited series of complexes 

may be formed, corresponding to the general formula above. 
By adoption of the three working hypotheses suggested by Silltn for the case of 

repeated reactions ,* theoretical curves can be constructed and compared with the 
experimental curve drawn through the points y = jiH/2, x = log B - t log h. 

Very good agreement is obtained for the hypothesis of all consecutive constants 
being equal, which is to be expected from statistical considerations: see Fig. 7. 

For this mechanism, the calculations give k, = 0.5 x 10-7*os = 1O-7.38 for the 
reaction 

2(UO,),(H,O),L + (UO,),(HIO),(OH),L,z- f 2H+ _ - 
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and k = 1O-i.O8 for the consecutive reactions corresponding to the general scheme 

(UO,),(H,O),L[(UO,),(OH),LL];;;;’- f (UO,),(H,O)lL =+ 

(UO,),(H,O),L [(UO,),(OH),L];‘” -I- 2H7 

with n > 2. 

FIG. 7.-Olation of the complex (UO,),(H,O),L: experimental points (y = fi,/2, 
x = log B - t log h) superimposed on the theoretical curve y =f(x) for a “core i links” 

mechanism with equal consecutive constants (Silltn’s hypothesis 111~~‘) 
0-B = 5.00 x lo-‘M O--B = 1.00 x lo-3M 
0 -B = 2.46 x 10-3M a--B = 4.92 x 10-sM 

The constant k was obtained, as usual, from the deviation of the experimental 
from the theoretical curve, measured on the x axis for y = 0.5, using the relationship 
log k = log 2 - x~.~.* 

These results may be compared with those obtained by Ahrland, Hietanen and 
Silltnl’ for the hydrolysis of the UOz2+ ion, which follows a similar mechanism. 

The reported constants are k, = 10-6.0s and k = 10-6,35 at 20” andp = l.OM (NaClO,). 
Although the experimental conditions are not the same, the differences observed 

are within what one would expect, since hydrolysis of the UOz2+-EDTA species is 
less probable than that of UOf 2+ alone, on purely statistical grounds. 

Again on statistical grounds one expects the constant k, for the reaction above to 
be 4 times the constant for the reaction 

2UO,(H,O)HL- + (U0,),(OH),H2L4- --I- 2H’ 

which is, as we have seen, 10-7.s7; this follows from the possibility for the olation to 
take place at either side of the molecule in (UOJ,(H,O),L and only at one side in 

UO,(H,O)HL. 
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As a matter of fact 4 x 10-7,gi = 10-7.37, in perfect agreement with the value we 

have determined, 10-7.38, but it should be remarked that this is not the universal rule. 
The structure of the olated polymers seems then to be similar to that given for the 

dimer of UO,(H,O)HL-, extended in one dimension to form linear compounds. 
The attempts made to isolate some definite species failed; the products were always 
sheet-like crystalline masses but of variable composition. For the simple chelates, 

however, the preparative work of Bhat and Krishnamurthy, who synthesized 
UO,H,L.H,O and (UOJ,L .4H,O, confirms the structures suggested. 

All the results obtained in the present work are summarized in Tables I (,D = 

O*lOOM KNO,) and V (,u = l.OOM KNO,). 

Ackno~vledgement-One of us (M. L. S .S.) gratefully acknowledges a research grant from the North 
Atlantic Treaty Organisation. 

Zusammenfassung-Die Uranylkomplexe von EDTA wurden potentio- 
metrisch untersucht; die Stabilitatskonstanten der Chelate mit 
Metall: Ligand -Verhlltnis 1:l und 1:2 wurden bestimmt sowie 
die entsprechenden Hydrolysen- und Polymerisationskonstanten. Meg- 
lithe Strukturen dieser Spezies werden diskutiert. Zur Erkllrung der 
abnormal hohen Stabilitat von UO,(H,O)HL- wird eine Wasserstoff- 
brticke zwischen einem protonierten Stickstoffatom des Liganden und 
einem Sauerstoffatom von UO,‘+ vorgeschiagen. 

R&urn&-On a itudie par potentiomttrie les complexes uranyles de 
I’EDTA; on a determine les constantes de stabilite des chelates 1 :I et 
2:l (rapport metal-ligand), ainsi que les constantes respectives 
d’hydrolyse et de polymerisation. 
pour ces especes. 

On discute de structures possibles 
Pour interpreter la stabiliti anormalement grande de 

UO,(H,O)HL-, on suggbre une liaison hydrogtne entre un atome 
d’azote protont du ligand et un atome d’oxygtne de UO,?+. 
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DIE CHELOlMETRISCHE BESTIMMUNG VON MOLYBDAN ALS 
TERNARER MOLYBD;iN(VI)-HYDROXYLAMIN-ADTA-KOMPLEX UND 

VERGLEICH DES VERFAHRENS MIT DER BEREITS BEKANNTEN 
TITRIERMETHODE VON MOLYBD;iN(V) MIT ADTA 

ERIK LASSXER und HARTW.BN SCHEDLE 
Versuchsanstat der Metallwerk Plansee AG., A 6600 Reutte, ijsterreich 

(Eingegangen am 2 Jiinuer 1968. Angenommen am 8 Februar 1968) 

Zusammenfassung-Es erfolgt eine eingehende Untersuchung der 
Molybdlntitration iiber den Molybdln(V)-Hydroxylamin-ADTA- 
Komplex hinsichtlich Bildungsbedingungen, Riicktitrierverfahren, 
Storungen durch Fremdionen, Reproduzierbarkeit und Richtigkeit. 
Den AbschluD bildet ein kritischer Vergleich der Methode rn_it dem 
chelometrischen Verfahren, welches die Bildung des MO(V)-ADTA- 
Komplexes ausniitzt. 

DIE CHELOMETRISCHE Titration des Molybdans konnte bislang in der Praxis nur 
unter Ausnutzung des dimeren MO(V)-ADTA-Chelats mit Erfolg angewandt werden. 
Eine umfassende Literaturiibersicht, die einschlagigen Arbeiten betreffend, wurde 
kiirzlich ver6ffentlicht.l Ein Nachteil dieses Verfahrens im Vergleich zu den meisten 
iibrigen chelometrischen Titrationen anderer Kationen ist der ungiinstigere stbchio- 
metrische Umrechnungsfaktor, verursacht durch die Bildung eines Chelonats, das 
pro ADTA-Molekiil zwei Molybdanatome enthalt. Recht iiberraschend war es daher, 
daB Yaguchi und Kajiwara2 kiirzlich iiber eine Titrationsmethode berichteten, der 
die Bildung eines MO(V)-ADTA-Komplexes mit einem MO : ADTA-Verhaltnis von 
1: 1 zugrunde lag. Die Autoren verwendeten lediglich anstatt des sonst iiblichen 
Hydrazins Hydroxylamin als “Reduktionsmittel” fiir das Molybdan. Dieses iiber- 
raschende Ergebnis veranlaBte uns zu umfangreichen Untersuchungen in dieser 

4*5 Richtung und in den beiden ersten Teilen dieser Veroffentlichungsserie konnte 
bereits folgendes eindeutig bewiesen werden: 

Molybdan(V1) wird von Hydroxylamin (Hy) nicht reduziert, sondern komplex 
gebunden wobei gleichzeitig Depolymerisation eintritt. Dieser Mo(VI)-Hy-Komplex 
ist befahigt mit Chelatbildnern insbesondere such mit Chelonen temke Komplexe 
vom Typ MO(W) : Hy : ADTA = 1: 1: 1 zu bilden. Und damit war bereits bewiesen, 
daB Yaguchi and Kajiwarae nicht fiinfwertiges, sonders sechswertiges Molybdan 
titriert hatten. 

Von diesen Erfahnmgen ausgehend haben wir im weiteren die von den japanischen 
Autoren mitgeteilte Titrationsmethode genauer untersucht und sie vor allem mit der 
seinerzeit von Lassner und Scharf3 eingefiihrten Titration von MO(V) mit ADTA 
verglichen. Die Ergebnisse dieser Untersuchungen werden im folgenden mitgeteilt. 

Bildungsbedingungen fiir das Mo( VI)-Hy-kDTA-Chelat 

Die quantitative Bildung des MO(W)-Hy-ADTA-Komplexes erfolgt durch Sieden 
der mit Hydroxylamin und ADTA versetzten Molybdanlosung. Sie hangt in starkem 

623 
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Mal3e von der Hydroxylaminkonzentration der Liisung und weit weniger vom molaren 
VerhZltnis lMo(VI) : Hy ab, sofeme von vomherein fiir einen molaren Hydroxylamin- 
iiberschul3 gesorgt ist. Die Werte der Tabelle I miigen dabei zur n;iheren Erlsuterung 
dienen. Wie ersichtlich, erzielt man erst 100% ige Komplexierung des Molybdsns 
bei einer Hydroxylaminkonzentration von l-2 g/l00 ml, was beim Arbeiten im 
Volumen von 100 ml einem 24-29-fachen molaren ijberschuI3 gleichkommt. Ander- 
erseits kann man such mit einem IO-fachen molaren uberschufi das Auslangen finden 

und 100 %ige Komplexbildun, 0 erreichen, wenn man in einem Volumen von 8 ml 
arbeitet. Dies entspricht aber umgerechnet wiederum einer Hydroxylaminkonzentra- 
tion von etwa 1 g/100 ml. 1st jedoch einmal quantitative Komplexbildung erfolgt, so 
kann man die Ltisung ohne weiteres verdiinnen ohne da13 dabei eine wesentliche 

Dissoziation festzustellen ist. Dies deutet auf eine hohe kimtischep Stabilitgt des 

Komplexes hin. 

TABELLE I.-ABHKNCIGKEIT DER KOMPLEXBILDUIGG MO-Hy-&TA VON DER 
HYDROXYLAMINKONZENTRAT~ON 

1Molares Verhgltnis 
Mo:Hy 

bei 100 ml LGsungs- 
volumen 

Hydroxylamin- 
konzentration, 

m~,n/lOO ml 

Durch Titration 
ermittelter Anteil an 

gebildetem 
MO-Hy-j;DTA, % 

1:s 41 
1:lO 82 
I:24 1000 
1:49 2000 

(Molybdlnmenge = 2 ml 0,OS m LBsung). 

-50 
-70 

100 
100 

Entsprechend unseren Erfahrungen ist es am besten, die molybdgnhaltige Liisung 
zuerst mit einem HydroxylaminiiberschuB zu versetzen, wobei die Hydroxylamin- 
konzentration nicht unter 1 g/l00 ml liegen ~011, und anschliel3end auf einen pH-Wert 
zwischen 2 und 5 zu bringen. Sodann wird bis zum Sieden erhitzt, ein gemessener 
uberschul3 an ADTA-Standardlijsung zugesetzt und weitere 15 Minuten am Sieden 

gehalten. Lsl3t man d ie Reaktion mit Hydroxylamin in stgrker saurer L6sung 
ablaufen (0,5-1,0 n), so erhzlt man nach unseren Erfahrungen Unterwerte. Dies 
steht im Gegensatz zur Verijffentlichung von Yaguchi und Kajiwara.z 

Riicktitration 

Da die Reaktionsgeschwindigkeit von MO-Hy f ADTA sehr gering ist (15 
Minuten Sieden!) kann nur ein Riicktitrationsverfahren zur Bestimmung herangezo- 
een werden. Yaguchi und Kajiwara geben an, da13 man die Riicktitration des ADTA- 
bberschusses entweder bei pH 2 mit Wismutlijsung gegen Xylenolorange oder bei pH 
4,5 mit KupferlGsung e 5 oeoen PAN vornehmen kann. Wir haben beide Methoden 
untersucht und festgestellt, daB sie vergleichbare Resultate liefern. Wir verwendeten 
lediglich anstatt Xylenolorange Methylthymolblau als Indikator bei der Riicktitration 
mit Wismut. Bei beiden Verfahren sind jedoch einige wichtige, unbedingt erwlhnens- 
werte Feststellungen gemacht worden: 

1) Die Riicktitration mit Wismutlijsung funktioniert nur dann gut, wenn man in 
etwa 80” heiBen Lijsungen arbeitet. Infolge der Anwesenheit von Chlorid- bzw. 
Sulfationen (Hydroxylaminchlorid oder -sulfat) kommt es bei Wismuti.iberschuB 
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zur Bildung kolloidaler Formen, die bei Zimmertemperatur nur sehr zogemd mit der 
zugesetzten ADTA-Losung bzw. mit dem Indikator reagieren. 

2) Beim Riicktitrieren tritt bei Wismutiiberschul3 eine Verdrangungsreaktion ein : 

Mo-Hy-ADTA + Biw ---t MO-Hy + Bi-ADTA 

Das AusmaB dieser Reaktion ist einerseits von der Konzentration der freien Wismut- 
ionen und zum anderen von der Zeitdauer, wahrend der sie wirksam (nicht an ADTA 
gebunden) sind, ab. Die bei einer “Pendeltitration” (mehrmalige Endpunktseinstell- 
ung mit Bi- und ADTA-Mal3losung) erhaltenen Ergebnisse in Tabelle II zeigen diesen 
Verdrangungseffekt recht deutlich. Beim Riicktitrieren ist daher darauf zu achten, 
dal? man nur mijglichst geringen WismutilberschuB anwenden darf und diesen such 
mijglichst schnell wieder mit ADTA-Losung zu kompensieren hat. 

TABELLEII.-VERDR~~NGUNGVON Mo-H~AUSDEM 
ADTA-CHELATDIJRCHJP+-IONEN 

ml 0,05m ADTA 
uerbraucht 

I. Endpunktseinstellung 
2. Endpunktseinstellung 

30 set nach Zugabe eines 
geringen Bi-Uberschusses 

3. Endpunktseinstellung 
60 set nach Zugabe eines 
geringen Bi-Uberschusses 

4. Endpunktseinstellung 
120 set nach Zugabe eines 
groneren Bi-Uberschusses 
(1 ml 0,05 m Losung) 

9,73 

9,71 

9,67 

9,54 

(Theoretischer ADTA-Verbrauch = 9,73 ml 0,05 m 
Losung). 

3) Die Riicktitration mit KupfermaBlosung bei pH 4,5 gegen PAN gelingt in der 

Hitze (70-80”) sehr gut. Es ist lediglich darauf zu achten, da13 ein gr6Derer Kupfer- 
iiberschuB (etwa 0,5 ml 0,05 m Losung) vermieden werden ~011. Bei @Berem Uber- 
schuB kommt es anscheinend ebenfalls zu einer Verdrangung. MO-Hy wird durch 
Kupferionen aus dem ADTA-Chelat gedrangt. Dies ist daran erkenntlich, dal3 
sich der Indikator schwach violett farbt und diese F&bung sowohl bei Kupfer als 
such bei ADTA-UberschuR beibehalt. Der Indikator ist “blockiert”. Diese Er- 
scheinung 15Bt auf die Bildung eines kinetisch stabilen Komplexes zwischen MO-Hy 
und PAN schIiel3en. * 

Stiirungen durch Fremdionen 

Der Umstand, da13 die Titration bei pH 2 durchftihrbar ist gewahrleistet bereits ein 
gewisses MaB an Selektivitit, da bei diesem pH Chelonate mit geringer Stabilitat 
(pK < 15) weitgehend dissoziiert sind. Metallionen mit hoherer Chelonatstabilitat 
wirken stijrend und mtissen daher abgetrennt werden. Eine Ausnahme stellen lediglich 
alle diejenigen Kationen dar, deren ADTA-Chelate durch Fluorid zerlegbar sind. 
Sie kijnnen durch Fluoridzusatz nach erfolgter Mo(VI)-Hy-ADTA-Bildung gegeniiber 

* Die Reaktionen von MO-Hy mit metallochromen Indikatoren sind Gegenstand laufender 
Untersuchungen und es sol1 in Ktlrze dariiber genauer berichtet werden. 
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ADTA maskiert werden. Fluoridzugabe vor der Komplexierung des Molybdans 
wirkt storend, da quantitative Chelonatbildung verhindert wird. 

Weinsaure, die im sauren Bereich hgufig zur Maskierung von leicht hydrolysier- 
baren Ionen bei ADTA-Titrationen verwendet wird, stijrt ebenfalls und darf nicht 
anwesend sein. 

Wolfram, welches an und fur sich nur ein sehr instabiles ADTA-Chelat zu bilden 
vermag stijrt ebenfalls. Wahrend der Reaktion mit Hydroxylamin werden die zwi- 
schen Wolfram und Molybdan gebildeten Heteropolyionen zu “1Molybdanblau” 
reduziert. Bereits ein aquimolarer Gehalt an Wolfram fuhrt zu unvollstandiger Kom- 
plexierung des Molybdans (etwa 97x), wahrend bei fiinffachem molarem Wolfra- 
miiberschul3 nurmehr 95 ‘A der vorgelegten Molybdanmenge gefunden werden konnten. 
Dariiber hinaus ist der Indikatorumschlag am Titrationsendpunkt in Gegenwart von 
Wolfram sehr unscharf, wahrend er sich bei reinen Molybdanlosungen auf Hundertstel 
Milliliter 0,05 m ADTA-Liisung festlegen Ia&. 

Reproduzierbarkeit 

Aus einer Reihe von Einzelergebnissen haben wir die Standardabweichung fur 
die Bestimmung von Molybdanmengen zwischen 10 und 50 mg errechnet: s = 
& 0,03 mg Molybdan. Die Versuche wurden mit reiner Molybdanlbsung unter 
Verwendung von 0,05 m MaBlBsungen (Bi3+ und ADTA) durchgefiihrt. Bei jedem 
Versuch wurde der Endpunkt durch “Pendeln” dreimal eingestellt und der Mittelwert 
dieser drei Messungen gebildet. 

Richtigkeit 

Unter Verwendung derselben MaBlijsungen ftir beide Titrationsmethoden konnten 
wir feststellen, da13 die Methode mit Hydroxylamin im Vergleich zu der seinerzeit von 
Lassner und Scharf3 fiir MO(V) mitgeteilten, konstant Unterbefunde von etwa 
9-10x liefert. Dal3 die Titration von MO(V) mit ADTA richtige Ergebnisse liefert, 
wurde schon seinerzeit3 und weiters durch eine Reihe darauf folgender Arbeitenl 
bewiesen. Ein empirischer Faktor (Titerstellung der ADTA-Losung mit einer Mo- 
Losung bekannter Konzentration) ist daher bei Verwendung des Hydroxylaminver- 
fahrens unbedingt erforderlich. 

Vergleich mit der Methode von Lassner und Scharj3 

1. Der Mo-Hy-ADTA-Komplex besitzt geringere Eigenfarbe, als das MO(V)- 
ADTA-Chelat. Dies ist von Vorteil, da der Indikatorumschlag am Titrationsendpunkt 
besser wahrnehmbar ist. 

2. Das Verhaltnis von MO : ADTA im Komplex ist 1: 1 im Gegensatz zum MO(V)- 
ADTA-Komplex, bei dem es 2: 1 betragt. Der sttjchiometrische Umrechnungsfaktor 
ist daher beim Hydroxylaminkomplex gunstiger. 

3. Den in Punkt 1 und 2 aufgezeigten Tatsachen zufolge war fiir das Hydroxyla- 
minverfahren eine bessere Reproduzierbarkeit zu erwarten. Fiir die Titration iiber das 
MO(V)-ADTA-Chelat betragt die, unter denselben Bedingungen wie sie oben fir das 
Mo(VI)-Hy-ADTA-Verfahren beschrieben wurden ermittelte Standardabweichung 

& 0,06 mg Molybdan. Sie ist also in der Tat doppelt so hoch, als die des Hydroxyl- 

aminverfahrens. 
4. Nachteile gegeniiber der Titration des ftinfvvertigen Molybdlns sind vor allem: 
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Der empirische Umrechnungsfaktor, die geringere Selektivitat, wobei insbesondere 
die Storung durch Wolfram nachteilig ist. Bekanntermafien gibt es nur wenige 
Moglichkeiten Molybdan neben Wolfram ohne vorhergehende Trennung s&tell und 
exakt zu bestimmen. Letztlich ist noch als weiterer Nachteil die geringere Komplex- 
stabilitat anzufiihren. Wie weiter oben gezeigt werden konnte, kommt es durch 
Kupfer- oder Wismutionen zu Verdr;ingungsreaktionen. Der MO(V)-ADTA- 
Komplex hingegen ist thermodynamisch so stabil, dal3 er bei pH 2 Wismutionen 
teilweise aus dem ADTA-Chelat zu drangen vermag. 

VERZEICHNIS 

MoO 

Mo0’) 

HY 
ADTA 
MO(W)-Hy 
MO(W)-_Hy-jiDTA 
MO(V)-ADTA 
Xylenolorange 
Methylthymolblau 

PAN 

DER IM TEXT VERWENDETEN ABKURZUNGEN 

sechswertiges Molybdanpartikel ohne Berticksichtigung etwa 
vorhandener Aquo oder Hydroxoliganden 
fiinfwertiges Molybdanpartikel ohne Berticksichtigung etwa 
vorhandener Aquo oder Hydroxoliganden 
Hydroxylamin 
Athylendiamin-N,N,N’,N’-tetraessigsaure 
Molybdin(VI)-Hydroxylaminkomplex 
ternarer Molybdan(VI)-Hydroxylamin-ADTA-Komplex 
dimerer MolybdanwADTA-Komplex 
3,3’-Bis(N,N-di(carboxymethyl)-aminomethyl -o-Kresolphthalein 
Na-Sala von 3’3”-Bis-{ [bis(carboxymethyl)amino]methyl}-5’5”- 
diisopropyl-2’2”-dimethylphenol-sulphonphthalein 
I-(2-Pyridylazo)-2-naphthol 

Summary-The titration of molybdenum ria the molybdenum(VI)- 
hydroxylamine-EDTA complex is studied in detail. Formation condi- 
tions, a back-titration, interferences by foreign ions, precision and 
accuracy are discussed. This method is critically compared with the 
chelometric method based on the formation of the MO(V)-EDTA 
complex. 

R&urn&-On ttudie en detail le dosage du molybdene au moyen du 
complexe molybdtne(VI)-hydroxylamine-EDTA. On discute des 
conditions de formation, d’un titrage en retour, des interferences d’ions 
&angers, de la precision et de l’exactitude. Cette methode est com- 
par&e de facon critique ii la mithode chelatometrique basee sur la 
formation du complexe MO(V)-EDTA. 
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Summary-The stability constants of lead, cadmium and zinc dithio- 
carbaminoacetic acid (TCA) complexes have been determined. Lead 
and cadmium TCA complexes were studied by means of a polarographic 
method. A competitive polarographic method was used for the study 
of zinc TCA complexes. Zinc and cadmium TCA complexes were also 
studied potentiometrically with an amalgam electrode. The stability 
constants found were: lead, log /Ia = 13.2; cadmium, log /I1 = 54 
(pot.), log ,& = 9.3 (pot.), log p3 = 13.7 (pot.), 13.6 (~01.); zinc, 
log & = 3.4 (pot.), ~3.8 (~01.). log /!I, = 6.6 (pot.), 6.4 (pol.), log ps = 
8.9 (pot.), 9-3 (~01.). 

DITHIOCARBAMINOACETIC ACID (NH,S,CNHCH,CO,NH, * H,O; TCA) forms very 
stable water-soluble complexes with a number of metal ions,lV3 and so can 
be used as a new masking agent in complexometry.4 Knowledge of the stability 
constants will extend the applications of TCA in analytical chemistry. In our previous 
papers the acid dissociation constants of TCAs as well as the stability constants of 
cobalt(II)-TCA6 and lead-TCA’ complexes have been reported. The present paper 
deals with the determination of the stability constants of lead, cadmium and zinc 
complexes with TCA, by polarographic and potentiometric methods. 

EXPERIMENTAL 
Symbols~ 

A = total concentration of ligand A. 
a= concentration of free ligand. 

B = total concentration of central group B. 
b = concentration of free central group. 
n = number of ligands in mononuclear complex BAn. 
N = maximum coordination number. 
fi = (A - a)/B = average number of ligands A bound to one central group B. 

ar = [BA,J/B = fraction of B in form of BAc. 
& = [BAJba” = over all stability constant. 

.z = number of electrons involved in reduction couple. 
D = diffusion coefficient of species indicated by subscript. 

Polarographic studies 

Apparatus 

Measurements were carried out with polarographic equipment including three electrodes according 
to Kolthoff and Lingane# (see Fig. 1). The following galvanic cell was used: 

Hg-Hg,CI, 

629 
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The apparatus was prepared for measurements as follows: the vessel s was filled with a solution 
of known concentration B. The left-hand side of the bridge was filled with saturated potassium 
chloride solution by means of the vessel k and the stop-cock I, the right-hand side of the bridge was 
filled with O.lMpotassium nitrate through the vessel b and the stop-cock m. Just before measurements 
were started the stop-cocks c and d were opened. The vessel s with the electrodes was kept in an 
air-thermostat at 25 & O-2”. The solution in the vessel s was stirred with a magnetic stirrer and a 
stream of very pure nitrogen (99.999%) was passed through it. Portions of the solution of the ligand 
were added from a microburette. 

FIG. I.-The apparatus for polarographic study of metal-TCA complexes. 

The potential of the dropping mercury electrode was measured with a potentiometer with a 
precision of &O-l mV (see the upper left-hand side in Fig. 1). The LP-55 polarograph is shown in 
the upper right-hand side of the same figure. 

Procedure 

First the reversibility of the electrode reaction was proved by means of the following criteria: 
(i) the half-wave potential does not depend on the depolarizer concentration and capillarity constants; 
(ii) the dependence log i/(id - i) vs. E is linear with a slope equal to the theoretical value; (iii) 
the half-wave potentials of the cathodic and anodic waves (cadmium amalgam was used) are identical. 
Criterion (ii) is not decisive if the complexes are very strong and the ligand concentration is too low.tO 

Reversible polarographic waves for lead-TCA and cadmium-TCA complexes were obtained only 
with a high excess of the ligand, which is why only the overall stability constants for maximum co- 
ordination number were determined. The measurements were carried out under the following condi- 
tions: constant concentration of metal ion 5 x 10-JM, varying concentration of TCA from 4 x 1O-S 
to 1 x 10-lM; 5 x lO-aM formate buffer; constant ionic strength p = 0.2, maintained with a 
corresponding concentration of potassium nitrate. Values of half-wave potentials at different ligand 
concentrations were read from the plots of log i/(id - i) vs. E and values of AE,,z were then computed 
with a precision of *l mV. The AI?,,, values were used to calculate the over-all stability constants 
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for maximum co-ordination number, from the equation 

Because in the range of concentrations used the approximation u = A is not valid, the free ligand 
concentration a must be known to operate with equation (1). It was determined from the expression 

a = A - N’B (2) 

where N’ is the slope of the experimental plot ilE,,, vs. log A (Fig. ‘-black circles) and represents 
the maximum co-ordination number [see equation (l)]. By the method of successive approximations . log A 

0 log 0 

FIG. 2.-Dependence of AE rlI on the concentration of TCA for the cadmium-TCA 
system. 

the correct relationship A&, vs. log u was found (Fig. 2-open circles). Then the values of the 
conditional stability constants BN for lead and cadmium were obtained as the intercept of the plot 
AE,,, vs. log a. The results are presented in Table VI. 
TCA complexes are shown in Tables I and II. 

Some experimental data for lead and cadmium 

TABLE I.-DATA FOR LEU)-TCA COMPLEXES, OBTAINED EEOM ONE POLAROGRAPHIC 
EXPERMENT 

A&r mV A, ~4 log A log a, log a2 log CL0 4, kf 

-194.0 4 x IO-3 -2.398 -2.585 -2.550 -6.36 2.83 x 1O-3 
-207.8 6 x 10-Z -2.222 -2.328 -2.316 -7.35 4.83 x 1O-3 
-217.8 8 x 1O-J -2.097 -2.174 -2.166 -7-68 6.83 x 10-a 
-223.0 1 x 10-1 -2000 -2.060 -2054 -7.85 8.83 x 1O-3 
-2503 2 x IO-2 -1.699 -1.728 -1.724 -8.80 1.88 x 10-a 
-270.0 4 x 10-Z -1.398 -1.412 -1.410 -99-47 3.88 x lo-* 
-285.0 6 x lo-? - 1.222 - 1.232 -1.230 -l@OO 5.88 x lo-* 
-292.3 8 x lo-? -1.097 -1.104 -1.104 -10.25 7-88 x lo-’ 

Conditions: B = 5 x lO-“M Pb(NO,),; 0.05M formate buffer, pH 4.00 f 0.05; O-008% gela- 
tine; volume 25 ml; ionic strength p = O-2 (KNO,); temperature 25 i 0.2”C; titrated with iM 
TCA. 

It was impossible to determine the stability constants of zinc-TCA complexes by this method, 
because of the irreversibility of the polarographic waves obtained. The stability constants of zinc 
were determined by means of a competitive method. To a solution containing lead ions and a large 
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T~\BLE IL-DATA FOR CADMILW-TCA COMPLE)(ES, OBTAIXD FROM 0%~ POLAFKK~RAPHIC 
EXPERIMEST 

-193.5 8 x IO-3 -2.097 -2.187 -6.55 6.50 x 10-s 
- 198.5 I x 10-2 -2+lOo - 2.070 -6.73 8.50 x 1O-J 
-231.0 2 X IO-? -1-699 - 1.732 -7.84 1.85 x 10-a 
-251.5 4 x IO-” - 1.398 -1.413 -8.50 3.85 X 10-z 
-269.5 6 x lo-? - 1.222 - 1.233 -9.11 5.85 x lo-* 
-281.3 s x 10-2 - 1.097 -1.105 -9.52 7.85 x lo-% 
-293.5 1 x 10-l -1GXl - 1.006 -9.94 9.85 x 10-2 

Conditions as for Table I, with B = 5 x lO-‘b1 Cd(NO,),. 

excess of ligand, increasing amounts of zinc were added. For every concentration of zinc the shift of 
the half-wave potential of the lead-TCA complex was measured, and then by using the equations 

AE (3) 

the value of a0 was computed. The value of log a was graphically read from the plot of log x0 us 
log n for the lead-TCA complex. The function rizn VS. a was calculated by using the equation 

,izn = A - 0 - ‘h’bhb 

Bzn 
(4) 

The formation curve for the zinc-TCA complex, obtained from many experiments, is shown in 
Fig. 3, where the full curve is the theoretical curve computed from the experimentally obtained 
conditional stability constants for zinc, and the points are the experimental data. The data ii(u) 
were treated by Rossotti’s graphic method8 (Figs. 4 and 5). Experimental results from a single 
experiment are shown in Table III. 

POTENTIOMETRIC STUDIES 

In the potentiometric study measurements were carried out with apparatus similar to that prev- 
iously described.’ 

4 

n z- 

I 
5 4 3 2 

-log 0 

FIG. 3.-Formation curve of zinc-TCA complexes. 
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FIG. 4.-Rossotti and Rossotti’s method. Computation of B1 for zinc-TCA system, 
where FI = fi/(l - A)u. 

. 

a- 

6- 

/ . 

4- 

-2 - .f 

-4- /’ 

I I I 1 I I I 
-10 -5 0 

&¶ 
IO IS 20 

_ XIO’ 
2-n 

FIG. 5.-Rossotti and Rossotti’s method. Computation of /& and p3 for zinc-TCA 
system, where Fz = (ii - pr(l - fi)a]/(2 - $a*. 

TABLE III.-DATA FOR ZINC-TCA COMPLEXES, OBTAINED FROM ONE POLAR~GRAPHIC 
EXPERIMENT 

4.80 x 1O-3 240.5 -8.45 
960 x 1O-J 212.0 -7.54 
I.20 x 10-a 199.3 -7.02 
2.28 x lo--* 185.5 -6.54 
3.12 x lo-* 175.5 - 6.20 
4.20 x IO-* 167.0 -5.91 
5.28 x lo-? 165.5 -5.85 
6.48 x IO-’ 160.5 -5.68 
8.68 x 10-2 151.8 -5.38 

3.55 x 10-o 
288 x 10-a 
9.55 x 10-8 
2.88 x lo-’ 
6.30 x lo-’ 
1.23 x 1O-6 
1.41 x 10-e 
2,08 x IO-& 
4.16 x 1O-6 

1.15 x 10-Z 344 
4.04 x 10-J 2.50 
2.22 x 10-s 2.15 
1.28 x 1O-J 1.17 
864 x 1O-J 0.87 
6.20 x lo-’ 0.65 
5-78 x lo-’ 0.52 
475 x 10-d O-43 
3.36 x lo-” o-33 

Conditions: BpL = l-10-‘M Pb(NO,),; A = 3.10-‘M TCA; 0.05M formate buffer, pH = 
4+N3 f @05; 0008% gelatine; volume 25 ml; ionic strength p = 0.2 (KNOI); temperature 
25 f 0.2”C; titrated with 1*2&f Zn(NO&. 
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First the dependence of the amalgam electrode potential on the concentration of zinc ions in the 
absence of complexing agents was studied. Experiments showed that over a wide range of zinc 
concentration a plot of E us. -log [ZxP-] is linear, but conditions could not be found under which the 
slope had the theoretical value of 29.5 mV at 25”. 
used in the calculations [see equation (6)J. 

The experimentally observed slope of 28 mV v,as 

From the relationships6 

(E), = E,,’ -(RT/zF) In b and (E)Ip,, = Eo’ -(RT/zF) In B (5) 
we calculated 

(ilE), = (E)AB, - (E), = g In $ = 0.028 log aO. (6> 

From the potential of the amalgam electrode before and after the addition of the ligand, the 

TABLEIV.-DATAFOR ZINC-TCA CO~WLEXES,OBTAINED TOM ONE 
POTENTIOMETRICEXPERIMENT 

A,M -log A E, mV iSE, mV -log a0 fi a, M 

- - 1065.7 - - - 
2.24 x IO- 3.65 1066.7 

;:; 
0.047 - 0.10 1.04 x 10-a 

8.96 x lo+ 3.05 1071.4 0.218 0.27 5.72 x lo-’ 
2.24 x 1O-3 2.65 1080.7 15.3 0.556 0.93 1.12 x 10-S 
3.14 x 10-X 2.50 1087.1 21.7 O-790 1.29 1.59 x lo-’ 
8.96 x 1O-3 2.05 1121.2 55.8 203 2.50 5.96 x 1O-s 
2.24 x 1O-3 1.65 1156.3 90.9 3-30 2.86 1.90 x 10-a 
4.48 x 10-a 1.35 1180.8 115.1 4.20 2.86 4.14 x 10-a 

Conditions; B = 1.2 x 10e3M Zn(N03)2; O.OlM formate buffer, pH = 4.00 b 0.05; volume 
25 ml; ionic strength !L = 0.1 (KNO,); temperature 25 f 0.2”C; titrated with 2MTCA. 

relationship log a,, tts. log A was found (see Table IV and Fig. 6 black circles). As the complexes 
formed were not particularly strong we could not use the approximation 

which is necessary for the graphical construction of the Fronaeus integral. 
Approximate values of fi were obtained graphically from the relationship 

d 1% aa _ _-ri 

dlogA ’ 
These values of ri were then substituted into 

a=A-iriB (9) 

to give preliminary values of a. By use of the method of successive approximations the correct 
relationship of log a0 to log a was found (see Fig. bpoints 0). 

Conditional constants were determined from the data a&) by Leden’s method.* The plots of the 
functions Fl and F2 against a, from which the values of /$, & and fi3 were obtained, are shown in 
Figs. 7 and 8. 

Experiments performed with various total concentrations of the central ion established the mono- 
nuclearity of the system. 

The stability constants of the cadmium-TCA complexes were determined analogously but the 
Fronaeus integral was used to obtain the free ligand concentration as described previously.’ Some 
experimental results are shown in Table V. 

The concentration stability constants were computed by multiplying the conditional constants 
by the value of the side-reaction coefficient aH for TCA at pH = 4, calculated from the proton stability 
constantPp’ log B, n = 3.75 and log BzH = 6.67 at 25”. The values of the concentration stability 
constants found are presented in Table VI, from which it can be seen that the results of the two 
methods show good agreement. 

The errors of the values of the stability constants were calculated by taking into consideration the 
possible errors in the measured potentials of the droppin g mercury electrode and the amalgam 
electrode. The latter were measured with a precision of i 1 mV. In the case of the polarographic study 
of zinc-TCA complexes the errors in the stability constants were found by taking into consideration 
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4 
4 3 2 

-IOCJ A (01 

FIG. 6.-Dependence of log a,, on log A(a) for zinc-TCA system. 

I I I I 
O-OOI 0002 OOCB c 
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:4 

FIG. 7.-Leden’s method. Computation of /II for zinc-TCA system, where Fl = 
(Fo - 1)/a and F. = l/a,. 
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I 
0 3 Cl 0 02 0 
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3 

FIG. 8.-Leden’s method. Computation of /?, and p3 for zinc-TCA system, where 
F, = (FI - BI)/u. 

TABLE V.-DATA FOR CADMIUM-TCA COMPLEXES, OBTAINED FROM ox~ 
POTENTIOMETRIC EXPER1Y.Eh-r 

A, IM E, ml Ii 

- 665.0 - 
6.24 x 10-s 674.9 460 x 10-r 0.58 4.22 x 10-R 
1.25 x IO-’ 688.8 1.28 x 10-r 1.07 1.75 x 10-b 
3.74 x 10-a 746.3 9.11 x lo-’ 1.51 2.23 x lo-’ 
6.24 X lo-” 770.5 1.10 x lo-’ 1.76 4.48 x lo-’ 
1.25 x 1O-3 795.4 1.32 x 10-j 3.00 9.50 x lo-’ 
2.18 x 1O-3 814.2 2.51’ x 10-B 3.00 1.88 x 10-x 
4.65 x lo-= 842.1 2.29 x lo-’ 3.00 4.35 x 1O-3 
6.24 x lo-’ 859.9 5.02 x 10-a 3.00 5.94 x IO-3 

Conditions: B = 1.10~“MCd(NO&; O.OlMformate buffer, pH = 4.00 f 0.05; volume 25 ml; 
ionic strength p = 0.1 (KNO,); temperature 25 & 0.2”C; titrated with 0.2M TCA. 

TABLE VI.-VALUES OF THE CONCENTRATION STABILITY CONSTANTS 

Polarographic method Potentiometric method 

Pb log 82 = 13.20 i 0.15 

Cd 
log p3 = 13.60 + 0.20 

log ,‘$ < 3.8 
Zn log ,& = 6.4 & 0.4 

log 82 = 9.3 I 0.2 

* Results from previous work.’ 

log PI = 7.30 + 0.108 
log j3? = 13.00 f 0.20* 

log B* = 5.4 I 0.4 
log ,& = 9.3 i 0.3 
log /?x = 13.7 5 0.5 

log 81 = 3.4 i 0.3 
log /?? = 6.6 * 0.2 
log & = 8-9 i 0.3 
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the errors in the experimental data for fi and a. Both the values of stability constants and limits of 
error shown in Table VI are averaged from at least 7 separate experiments for each constant. 

Zusammenfassung-Die StabilitPtskonstanten der Komplexe von 
Blei, Cadmium und Zink mit Dithiocarbaminoessi,@ure (TCA) 
wurden bestimrnt. Die Komplexe von Blei und Cad%ium wurden 
polarographisch untersucht; fiir die Zink-TCA-Komplexe wurde 
eine polarographische Konkurrenzmethode verwendet. Die TCA- 
Komplexe von Zink und Cadmium wurden such potentiometrisch 
mit einer Amalgamelektrode untersucht. Die Stabilitgtskonstanten 
waren: Blei: log /& = 13,2; Cadmium: log B1 = 5,4 (pot.), log /3, = 
9,3 (pot.), log& = 13,7 (pot.), 13,6 (pot.); Zink: log & = 3,4 (pot.), 
<3,8 (pol.), log 82 = 6,6 (pot.), 6,4 (pal.), log 83 = 8,9 (pot), 9,3 (~01.). 

Rbumk-On a ddterminC les constantes de stabilitd des complexes du 
plomb, du cadmium et du zinc avec I’acide dithiocarbaminoacCtique 
(TCA). On a CtudiC les complexes du plomb et du cadmium avec le 
TCA au moyen d’une mtthode polarographique. On a utilist une 
methode polarographique concurrente pour 1Vtude des complexes 
zinc-TCA. Les complexes du zinc et du cadmium aver le TCA ont 
Ott aussi dtudits potentiomktriquement avec une &ctrode B amalgame. 
Les constantes de stabilitd trouv&s sont: plomb, log & = 13,2; 
cadmium, log @I = 5,4 (pot.), log & = 9,3 (pot.), log & = 13,7 (pot.), 
13,6 (~01.); zinc, log ,$ = 3,4 (pot.), <3,8 (~01.). log pa = 6,6 (pot.), 
6,4 (pol.) log /!$ = 8,9 (pot.), 9,3 (pol.). 
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Summary-The extraction of protactinium with organic solvents has 
been investigated in the presence of water-miscible alcohols and 
acetone. These additives were found to increase considerably the ex- 
traction of protactinium in the cases of trilaurylamine, tributyl phos- 
phate and iso butyl methyl ketone. ‘I he influence was less in the case of 
thenoyltrifluoroacetone. In mixtures of an acid with various alcohols, 
the influence depended on the alcohol concentration, the acidity and on 
the chain len@rs and dielectric constants of the alcohol introduced into 
the extraction system. 

DUFUNG previous work’+- ‘) it was observed that the presence of various amounts of 
water-miscible alcohols or ketones in the aqueous phase greatly influences the extrac- 
tion of elements with a tertiary amine (tridodecylamine) and an organophosphorus 
solvent (tributyl phosphate). The influence of such organic additives on extraction 
has been attributed to two different effects. Thus the decrease in hydration in the 
aqueous phase, as the mole fraction of water decreases, results in an increase in the 
formation of extractable (negatively charged or neutral) metal complexes. This 
leads to an extraction increase. On the other hand the decrease of the amount of 
water in the aqueous phase results in a parallel increase of the effective acid concentra- 
tion. This sometimes leads to a decrease of extraction, owing to the competition 
between the extractable metal species and the acid for the available molecules of the 
extracting agent. 

Although the addition of water-miscible alcohols or ketones complicates the 
extraction systems from the theoretical point of view, very useful applications of 
such systems in chemical and radiochemical separations can be achieved. Thus the 
separation of silver and mercury and also silver and selenium, which could not be 
realized from pure mineral acid solutions, was found to be easy when mixed media 
were used.2 

In the present work, the extraction of protactinium and its separation from solu- 
tions of mineral acids with solutions of organic solvents in non-polar diluents has 
been investigated in the absence and presence of miscible organic additives. Work on 
protactinium is particularly interesting because of its production in reactors working 
on thorium-232 and also because of its complicated aqueous chemistry. Thus protac- 
tinium exists in the form of various hydroxo- rather than simple metallic or oxo- 
complexes in hydrochloric and nitric acid solutions.3*4 

Protactinium extraction from pure aqueous acidic solutions with organic solvents 
has been a subject of extensive studies by many workers. Such studies have been 
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summarized in a number of articles4-g and useful separation methods for protac- 
tinium in various acidic media have been developed.s-13 

Reagents 

EXPERIMENTAL 

Solvents. Pure tridodecylamine or trilaurylamine (TLA), I1 tri-n-butyl phosphate (IBP), isobutyl 
methyl ketone (IBMK) and thenoyltrifluoroacetone (TTA) were used in the present work without 
further purification. 

Diluenrs. The non-polar diluents employed (xylene, benzene and chloroform) were reagent grade 
quality. 

Organic addirives. The aliphatic alcohols used (methanol, ethanol, n-propanol, isopropanol and 
isobutanol) and acetone were also reagent-grade solvents. 

Tracer stock solutions. The isotope z3JPa was prepared from irradiated thorium nitrate, which was 
dissolved in 6M hydrochloric acid. This isotope was selectively separated from the target solution by 
extraction with 20% trioctylamine solution in xylene and stripping from the organic phase with 
15M hydrochloric acid. The strip solution was then mixed with an equal amount of concentrated 
hydrochloric, nitric or hydrobromic acid for use in studies with the respective acids. The isotope 
*7l-1 was prepared from uranyl nitrate (50 g) solution in 6M hydrochloric acid (100 ml) by successive 
extraction of uranium with 30% TBP solution in xylene; *?h remained in the aqueous phase. 
The isotope solution was evaporated to a small volume (2-5 ml) and subsequently mixed with 10 ml 
of 8M nitric acid or 10 ml of 6M hydrochloric acid. 
from previous studies.a 

Other tracers were available in this laboratory 

Apparatus 

The purity of all isotopes was checked by y-ray spectrometry with a Nuclear-Chicago, single- 
channel analyser (type 132 B) connected to a 3 x 3 in. NaI(TI) crystal. An ECKO scintillation 
counter connected to a well-type 2.5 x 2.5 in. NaI(TI) crystal and a photomultiplier tube was 
employed for measuring the radioactivity in the case of all isotopes except U4Th. The activity of the 
latter was measured with a Phillips p-counter connected to a thin end-window G-M tube. 

Extraction procedure 

The solutions of solvents in diluents and the mixtures of acids and water-miscible alcohols (or 
acetone) were made by volume. Extraction experiments were performed in graduated tubes by shaking 
(on a mechanical shaker) equal volumes (usually 5 ml) of the two phases at a constant temperature, 
25 f O-l”, for 40 min. After centrifugation, aliquots of both phases were counted in the y-scintilla- 
tion counter (or the b-counter, after evaporation to dryness on glass trays in the case of =‘Th). 
Measurements of the radio-activity were conducted under standard conditions. Care was taken to 
check the activity balance and losses were kept below 2%. The distribution ratio (E) was calculated 
as the ratio of the activity in the organic to that in the aqueous phase. 
out only in duplicate, owing to the high reproducibility of results. 

All experiments were carried 

RESULTS AND DISCUSSION 

Mutual solubility and swelling of the organic phase 

In the present work, detailed study on mutual solubility of the various components 
and on the swelling of the organic phase has not been made. Generally, however, 
it has been found that at concentrations of alcohol of about 30% and less in the 
aqueous phase, the change in volumes of phases is of the same order as in the case of 
pure aqueous mineral acid solutions. At higher alcohol concentrations the swelling 
of the organic phase is only noticeable with long chain alcohols (propanol and butanol). 
In other words swelling increases with increasing chain length and dielectric constant 

of the alcohol (see Table I). 
Swelling also increases with the amount of alcohol added. Further, in the case of 

IBR/LK (undiluted) and TBP (50%) swelling is greater than in the case of TLA(Oe3M) 
or TTA(O-5M). This implies that swelling is also dependent on the solvent used. 
Sometimes only one phase is formed when the concentration of alcohol is increased 
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TABLE I.-DIELECTRIC CONSTA~S (~~~?~'C)OFTHE 

LIQUIDS STUDIED 

Liquid Dielectric constant 

Water 7834 
Methanol 32.63 
Ethanol 24-3 
n-Propanol 20.1 
isoPropano1 18.3 
isoButano1 17.7 
Acetone 20.7 
Benzene 2.274 
p-Xylene* 2.270 
Chloroform l 4.806 

* At 20°C 

1 I I I I I I I 

10 20 30 LO so 60 70 

Organic l ddilrbe cmcentmtion, ~01. % 

FIG. 1 .-Effect of organic additives on E for extraction of Pa with 0.3M TLA in xylene 
from 3*9M HNO,. 

I-Methanol; II-ethanol; III-isopropanol; IV-corresponding data for Th in 
ethanol-HNO, mixtures. 

above a certain limit. The concentration of alcohol above which one phase is formed 
decreases with increase of the chain length of the alcohol. This is clear in the case of 
extraction with 0.3M TLA, where one phase is formed for mixtures df concentrated 
hydrochloric acid and alcohol containin, 0 > 90% methanol or > 85% isopropanol. 

Because in systems involving mixed media the aqueous phase also contains organic 
matter, we can use the terms “non-polar” phase (the phase containing the solvent) and 
“polar” phase. 

Extraction of protactinium with TLA 

In Fig. 1 are given data on the extraction of protactinium with 0.3M TLA from 
3.9M nitric acid in the presence of varyin, u amounts of methanol, ethanol and iso- 

propanol in the aqueous phase. These data show that with the increase of alcohol 
concentration the extraction of protactinium increases, passes through a maximum 
and then decreases. The influence of alcohol increases with the increase of the chain 
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TABLE II.-EFFECTOF ETHANOLANDISOPROPA~OLON E FOR Pa AXJJ SOME 
OTHERELEMENTS 

(Aqueous phase: 3.9M HKO,: organic phase: 0-3&f TLA.) 

IOll 

E 

10% 
no alcohol 50 % ethanol isopropanol 

Protactinium 
Thorium 
Silver 
Mercury(I1) 
Selenium(IY) 
Cobalt 
Zinc 
Iron(II1) 

0.65 2.5 12.5 
O-35 10 2.5 
0.03 0.08 0.02 
I,0 3.0 2.5 
0.025 O-07 0.02 

<0401 to401 <@OOl 
0.015 015 0.01 

<@OlO 0.1 1.12 

length of the alcohol. Thus the value of E increases from O-7 in pure aqueous 3-9M 
nitric acid to > 10 when 10% isopropanol solution and the same nitric acid concentra- 
tion are employed. The presence of maxima in the partition curves confirms the sugges- 
tion of two opposing effects. 

Curve III (Fig. 1) has been completed as a dotted line above 30% isopropanol, 
because of the considerable swelling of the organic phase. Higher concentrations of 
isopropanol are fortunately unnecessary, since they do not give any further increase 
of protactinium extraction. 

Data on the extraction of protactinium and some other elements from 3.9M 
nitric acid in pure aqueous solutions, 50 ‘A ethanol and 10 ‘A isopropanol are presented 

in Table II. 
The data above show that although the extraction of protactinium, thorium, 

mercury and iron increases considerably in the presence of water-miscible alcohols the 
extraction of other elements remains almost unchanged. For determining the best 
separation conditions for these elements in nitricacid-alcohol mixtures, their extrac- 
tion in the presence of various amounts of the alcohols should be studied in more detail. 
It is clear, however, that the separation of protactinium, thorium and mercury from 
selenium, silver, cobalt and zinc in the presence of 10 ‘A of isopropanol is much more 
effective than from pure aqueous solutions. The separation of iron from the same four 
elements is also only possible in the presence of 10 ‘A of isopropanol. 

Figure 2 shows the results of varying amounts of alcohols and acetone on the value 
of E for protactinium extraction from 2*8M hydrochloric acid by 0*3M TLA in xylene. 
From the curves it is seen that protactinium extraction considerably increases with the 
alcohol (or acetone) concentration in the aqueous solution. The increase is more 
marked at lower alcohol concentrations. This can be explained by the contribution of’ 
the second effect (reaction of the amine monochloride to give the amine dichloride, 
TLAH+.HCI,-), at higher hydrochloric acid molarities. In general, the influence of 
organic additives increases in the order methanol < acetone < ethanol < isopropanol, 
although the regularity is interrupted at lower concentrations of acetone in the 
mixtures. The value of E increases from about 0.1 in pure aqueous 2-8M hydrochloric 
acid to about 10 in 20% isopropanol, 65% ethanol or 70% acetone solutions of the 
same hydrochloric acid molarity. 

To show the effect of the chain length and dielectric constant (DC) of alcohols on 
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E 
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10 20 30 LO 50 60 70 

Organic additive concentration , vol.% 

FIG. 2.-Effect of organic additives on E for extraction of Pa with 0.3MTLA in xylene 
from 2.9M HCI. 

I--Methanol; II-ethanol; III-isopropanol; IV-acetone. 

the extraction of protactinium with TLA, the values of E were plotted against the 
number of carbon atoms (Fig. 3) and l/DC (Fig. 4) for the pure alcohols introduced 
into the system. For every curve the overall acidity and alcohol concentration were 

kept constant. It is clear that extraction increases with the increase of chain length 
and dielectric constant of the alcohols. The effect is less marked at lower alcohol 
concentration, which could be the result of the common effect of higher water content 
in the mixtures. 

The effect of water-miscible alcohols on protactinium extraction has also been 
investigated at increasing hydrochloric acid molarities in the aqueous phase (Figs. 
5 and 6). It is again evident that at the same acidity, extraction is much greater in the 
presence of alcohols in the aqueous phase, although the trends of the curves are similar. 
In other words, in any mixture containing any alcohol, extraction is higher than if this 
alcohol is replaced by water. In the case of mixtures of methanol and concentrated 
hydrochloric acid (Fig. 6), the presence of a high concentration of alcohol in the aqueous 
phase results in the decrease of the specific gravity of the latter and the position of the 
phases is reversed for 5 % of concentrated hydrochloric acid and 95 % of methanol. 
At 10% acid and 90% methanol the separation of phases is difficult, although after 
centrifugation, the upper phase was found to be the solvent layer. It is to be expected 

that there would be a concentration of acid, between 5 and 10% in methanol, for 
which the separation of phases is not possible owing to the equality of the densities of 
the polar and non-polar phases. The replacement of xylene by benzene for diluting 

the TLA made little difference (Table III). 

5 
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E 

FIG. 3.-Effect of chain length of alcohols on E for 
extraction of Pa from 2.9M HCI. 

I 
I--IO% alcohol; II-20% alcohol; I&-50% 

alcohol; IV-70 % alcohol. 

I I I I I 

0 1 2 3 

NO. ot C atoms. 

FIG. 4.-Effect of dielectric constant of alcohols on E for extraction of Pa from 2-9M 
HCI. 

I--IO% alcohol; II-20% alcohol; III-50% alcohol; IV-70% alcohol. 
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FIG. 5.-Effect of 6M HCI content on the extraction of Pa with O-3M TLA in xylene. 
I-Water; II-methanol; III-ethanol; IV-isopropanol. 

It was also interesting to study the effect of alcohols on the extraction of protactin- 
ium with solutions of TLA in chloroform, a diluent which is heavier than water. 
The addition of alcohols in this case increases the difference of the specik gravities of 
organic (heavier) and aqueous phases, and thus favours rapid phase separation. 
Figure 7 shows the experimental results for extraction by 0.3MTLA from mixtures of 
methanol and hydrochloric acid and mixtures of methanol and nitric acid. In the 
case of chloride extraction the values of E considerably increase with the increase of 
methanol concentration over the range of acidity studied. On the other hand nitrate 
extraction is only slightly affected by the presence of up to 75 ‘A of methanol. It is 
expected, however, that a greater increase in nitrate extraction would be achieved by 
using longer chain alcohols (see Fig. 1). 

Data on the extraction of protactinium and some other elements from 2.9h4 
hydrochloric acid in pure aqueous solutions and in 20% isopropanol mixtures are 
given in Table IV. 
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0.1 

0.01 
0 20 LO 60 80 100 

'ID ll.3M HCI 

FIG. 6.-Effect of concentrated hydrochloric acid content on E of Pa extraction with 
0.3M TLA. 

I-Water; II-methanol. 

TABLE III.-EXTRACTION OF Pa FROM 2.9 AND 6M HYDROCHLORIC 
ACID BY 20% TLA 

[HCU, M [Methanol], % 
E 

xylene benzene 

0 0.16 0.13 
10 O-18 015 

2.9 20 0.43 0.54 
30 0.58 0.61 
40 1.0 o-79 
50 1.5 1.6 

0 6,3 11.4 
10 27.0 30.6 
20 30.2 31.3 

6.0 30 56.8 61.7 
40 >lOO 960 
50 85 80.0 
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FIG. 7.-Effect of organic additives on E for extraction of Pa with 0.3MTLA in chloro- 
form from methanol-acid mixtures. 

I--2.9M HCI; 11--4.3&Z HCI; III-5.75M HCl; N--3.9&f HNO,. 

TABLE W.-EFFECT OF ISOPROPANOL ON E 
(Extraction with 0,061M TLA in xylene from’29M HCI) 

Ion 
E 

pure aqueous 20 % isopropanol 

Protactinium 
Thorium 
Silver 
Mercury(I1) 
Selenium(W) 
Cobalt 
Zinc 
Iron 

0.9 2+(8)* 
@OOl 0.02 
2-o 0.40(5.0) 

340 13*2(5@0) 
o-15 0*14(0.35) 
0.02 0+06(0~1) 

80.0 6.0(160) 
4.5 2.2(10-O) 

* In brackets are given the values of E for extraction with 0.3M 
TLA in xylene. 

The data above show that protactinium and silver, which cannot be separated 
from each other in pure aqueous solutions, are easily separable in mixed media. 
This can be achieved by one extraction step followed by three scrubbing steps. The 
reason for the decrease of extraction of silver, mercury and zinc in the presence of 
alcohols has been discussed previously. 2 The higher extraction of protactinium in the 
presence of alcohols can also be utilized for its separation from selenium and cobalt, 
the extraction of which is only slightly affected by the presence of alcohols. Extracted 
protactinium can always be stripped from the organic phase by l-5M hydrochloric 
acid.12 
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TA~EE V.-Emcnox OF Pa wtrtr 50% TBP IN XYLENE ~ao%t 58M HCI 

Volume of * Volume* of 
[HCI], &f [Methanol], vol. % org. phase, ml aq. phase, mt E 

1.73 - - - 0.01 
JO 24 1.6 0.16 

2.3 - 0.06 
80 2.7 1.3 2.12 

2.88 - 0.07 
50 2.25 1.75 0.28 

3.45 - 0.5 
JO 2.3 1.7 9-o 

4-03 - 0.2 
30 2.2 1.8 1.09 

5.75 - 6.2 
50 2.25 1.75 4.3 

8.05 - 12.5 
30 2.15 1.85 70 

* In the case of pure aqueous solutions the volume of the organic phase is 2.10-2.15 ml and that 
of the aqueous phase is 1.85-1.90 ml, depending on the acidity. The volume of each phase before 
extraction is 2.0 ml. 

TABLE VI.-EFFECT OF ALCOHOLS ON THE EXTRACTION 
OF Pa FROM 5.1M HBr BY 50% TBP 

Aqueous phase E 

pure aqueous 1-1 
20 % methanol 1.2 
20 % ethanol 7.0 
20 % n-propanol 3.2 
20% isopropanol 11.0 
20% isobutanol* 5.2 

* Alcohol passes preferentially to the organic 
phase, the volume of which increases by about 
20%. 

Extraction of protactinium with TBP and IBMK 

The effect of methanol concentration on the extraction of protactinium, with 
50 % TBP in xylene is illustrated in Table V. The data presented show that at a variety 
of acidities and methanol concentrations in the aqueous phase, protactinium extraction 
is always greater in the presence of alcohol. It is also interesting to study the extraction 

behaviour of uranium and thorium in such a system, since the separation of protac- 
tinium and these two elements from each other is important in modern reactor technol- 
osy. The separation of the three elements by extraction with TBP from pure aqueous 
hydrochloric acid has already been reported in the literature.14 

Above ~80’A methanol only one phase is produced, which is possibly due to 
mutual solubility of the components in both phases. 

The extraction of protactinium by 50 % TBP from 5.1121 hydrobromic acid in the 
absence and presence of 20% alcohol has also been studied. Results are given in 

Table VI. 
Data on the extraction of protactinium with IBMK from 575M hydrochloric acid 

are presented in Table VII. 
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TABLE VII.-E~TW~TI~~ OF Pa WITH IBMK FROM 

5-75M HCI+ 

Methanol, % 

Volume of 
organic phase, 

ml 

Volume of 
aqueous phase, 

ml E 

0 10.1 9.9 I.01 
10 1025 9.75 4-03 
20 10.5 9.50 10.1 
30 11.4 S.50 15.9 
40 12.6 7.40 21.4 

* Original volume of each phase is 10 ml. 

E 
20 

10 

5 

3 

2 

I I I I I I I I 

0 10 20 30 LO 50 60 70 
organic addit We concentration, vol. ‘I. 

FIG. S.-Effect of organic additives on E for extraction of Pa with 0.5MTTA in xylene. 
I-Methanol in 2M HCI; II-methanol in 5*75M HCI; III-methanol in 2M HNOJ; 

IV-ethanol in 2h4 HNO,; V-isopropanol in 2M I-INO,. 

These results show that protactinium extraction rises steeply with increase in 
methanol concentration. Thus the value of E increases lo-fold when 20 ‘A methanol is 
used instead of pure aqueous 58M hydrochloric acid, while the swelling of the 
organic phase is unimportant. 

Extraction of protactinium with TTA 

Results on the extraction of protactinium with TTA from nitric and hydrochloric 
acid solutions in the presence ofalcohols are shown in Fig. 8. It is seen that the influence 
of alcohols is much less than in the case of extraction with TLA, TBP and IBMK. 
This is readily understood, since extraction with TTA, which is a chelating agent, 
is not affected by hydration in the aqueous phase. At 20-30 % alcohol the influence of 
methanol, ethanol and isopropanol on the extraction of protactinium from 2M 
nitric acid is almost the same. At lower alcohol content the influence decreases in the 
order methanol > ethanol > isopropanol and at higher alcohol content, the influence 
is reversed. 

CONCLUSIONS 

The addition of water-miscible alcohols has been known for some time to influence 
precipitation and ion-exchange chromatography. ls The present work shows that the 
nature of solvent extraction from solutions of mineral acids in mixed media appears to 
be much more complicated than solvent extraction from pure aqueous solutions. 
Theoretical interpretation is more difficult because of insufficient data on the properties 
of electrolytes in mixed media. The influence of miscible organic additives can be 
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related to a number of mutually related factors. Thus, these additives may influence 
complex formation, solvation and ionic and molecular interaction in the aqueous 

phase. Partition of water-miscible additives between organic and aqueous phases 
may also influence complex formation in the organic phase. 

A relationship was demonstrated between the uptake of alcohol into the organic 
phase and polarity of this alcohol. For a mixture of water with an organic additive 

(with lower dielectric constant) in contact with a solution of a solvent in a non-polar 
diluent, it is expected that the uptake in the organic phase in the case of the organic 
additive would be greater than in the case of water. The selective uptake of organic 
additives increases with their concentration in the mixture, so a single phase may 
ultimately be formed. 

The substitution of increasing amounts of water by organic additives leads to a 

gradual dehydration of the hydrated metal ions in the aqueous phase.16 This results 
in a parallel increase of ionic interaction, and hence of association in mixed media. 
Thus it has been reported that the stability of the negatively charged chloro-complexes 
in solution can be markedly increased by the introduction of such organic additives.l’+ 
This must result in an increase in extraction of the ion-asociation (TBP extraction) or 
anion-exchange (TLA extraction) type. This can also be explained by the fact that 
dissociation of electrolytes decreases in the presence of organic additives with lower 
dielectric constants. This should bring about an increase in the degree of extraction 
of the types mentioned. 

The loose combination, or intermolecular association, sometimes referred to as 

the formation of a “molecular compound” through a hydrogen bond is known to occur 
between two or more water molecules, a water molecule and a molecule of any other 
hydroxylic compound, or two molecules of the latter.25 Thus a mixture of water and 
alcohol probably contains compounds such as : 

H H H 

I I I 
H-O-H. . . O-H H-O-H.. . O-R R-O-H.. . O-R 

(1) (II) (III) 

and a mixture of water and a ketone contains beside compound (I), the compound 
H-O-H. . . OCR, (IV). The tendency of formation and comparative stability of 
complexes I, II, III and IV must have also a certain effect on ion-association in the 
mixed aqueous phase and hence on the extraction. 

Several other factors which also influence extraction, such as the ionic radii, 

ionic charge and ionic strength, all of which are being changed in the presence of 
organic additives, should also be taken into consideration.26 

Acknowledgement-The authors are grateful to Dr. M. H. Etman for his valuable assistance. 

Zusammenfassung-Die Extraktion van Protactinium mit organischen 
L6sungsmitteln wurde in Gegenwart von mit Wasser mischbaren 
Alkoholen und Aceton untersucht. Es wurde gefunden, dall diese 
Zusltze die Extraktion von Protactinium mit Trilaurylamin, 
Tributylphosphat und Isobutylmethylketon betr&htlich verbessern. 
Bei Thenoyltrifluoraceton war der Effekt geringer. Bei Gemischen einer 
Siiure mit mehreren Alkoholen hind der Effekt von der Alkoholkon- 
zentration, der Acidit2t sowie der Kettenltige und der Dielektrizitrits- 
konstanten des dem Extraktionssystem zugesetzten Alkohols ab. 
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Risu&--On a etudii l’extraction du protactinium par des solvants 
organiques en la presence d’alcools miscibles a l’eau et da&one. 
On a trouve que ces additifs accroissent considerablement I’extraction 
du protactinium dam les cas de la trilaurylamine, du tributyl phosphate 
et de l’isobutyl methyl&tone. L’influence est moindre dam le cas de la 
thenoyltrifluoracetone. Dans des melanges dun acide avec divers 
alcools, I’influence depend de la concentration de l’alcool, de I’aciditi, 
et des longeurs de chaine et des constantes dielectriques de l’alcool 
introduit dans le systtme d’extraction. 
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Summary-The thermoanalytical properties of sodium halates have 
been investigated by means of a derivatograph and a visual DTA 
instrument. The thermal decomposition of the compounds studied was 
found to proceed only in the melt phase to a measurable extent, while 
the corresponding sodium halides were being formed. For sodium 
chlorate the formation and decomposition of sodium perchlorate could 
also be observed. The comparison of the results of thermal investiga- 
tions with results of X-ray measurements has shown that the ionic 
character of the chemical bonds is highest for sodium iodate and lowest 
for sodium chlorate. 

IN the present paper we report, as in previous communications,l-P on the thermo- 

analytical properties of some sodium salts. 

EXPERIMENTAL 

Analytical grade sodium chlorate, sodium bromate and sodium iodate were investigated by means 
of a derivatograph 5 and a differential thermal analyser PTA) equipped with a sensitive recorder 
constructed in our laboratories. The furnace was modified as shown in Fig. 1, so that the sample 

W 

L I 
FIG. I.-Modified furnace for visual inspection 

of sample during heating. 

* Part IV-Talanta, 1966, 13, 67. 
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65.1 L. ERDEY, J. SLCION and S. GAL 

could be observed by an optical device durin, 0 the measurements. The observing holes were covered 
wirh quartz plates to prevent heat loss and draught. This modification of the furnace did not cause 
any change in the DTA base line, as proved by calibration. 

For the programmed heating of the apparatus an electronic linear temperature programming 
device was used which ensured control within +0.3’. 

The temperature and DTA signals were recorded by a two-channel Kipp-Zohnen BDZ type 
Micrograph. 

Samples of 170-200 mg in weight were ground and sieved with a 350-mesh sieve. Samples of 
IO-50 mg in weight were used in the DTA instrument. The heating rate was lO”/min. 

The reagents used were made available by E. Merck (Darmstadt, German Federal Republic) for 
which we would like to express our thanks. 

RESULTS AND DISCUSSION 
The thermal decomposition of sodium halates proceeds according to the general 

equation 
heat 

2NaX0, + 2NaX + 30,. 

where X is a halogen atom. 

Sodium chlorate 

Figure 2 shows the derivatogram of sodium chlorate. The endothermic peak at 
260” on the DTA curve shows the melting of the sample, this temperature being in 
good agreement with the literature value. 6 Decomposition, an exothermic process, 
starts at 350”, and oxygen is evolved at a maximum rate at 480 and 5.50”. Theendother- 
mic peak at 790” on the DTA curve indicates the melting point of the sodium chloride 

I 480” 

IO - 

0 \ 

10 - 

25 - 

x0- 

1 

260” 790” 

DTG 

20 

30 

40 

I 
0 260 400 600 800 It 

“C 

FIG. 2.-Derivatogram of sodium chlorate. 
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formed. If the starting material is pulverized sodium chlorate, the weight loss 
calculated from the TG curve is 543% lower than the theoretical value, because the 
substance partly decomposes during pulverization. Figure 2 shows the derivatogram 
of the non-pulverized sample. 

The double DTG and DTA peaks cannot be interpreted in terms of the general 
reaction equation given above. It may be assumed that sodium chloride formed 
during the decomposition hinders the departure of oxygen from the melt. The 
sodium chloride formed is dissolved in the sodium chlorate melt, so that the viscosity 
of the melt is increased and the rate of weight change reduced. As decomposition 
continues, sodium chloride is precipitated. 

‘C 

FIG. 3.-DTG and DTA curves for sodium chlorate. 

Figure 3 shows the curves taken by the derivatograph (DTA and DTG), and by 
the DTA instrument. At the moment of solidifying, occurring at a temperature 
indicated by 0 in the figure, the direction of the DTA curve changes suddenly and the 
rate of weight change begins to decrease (A). The heating rate was S”/min. 

As evidenced by literature data,‘-lo perchlorate is also formed during the de- 
composition of chlorates: 

2NaCIOa = NaC104 + NaCl C 0,. 

Under the conditions of the present experiments sodium perchlorate is formed during 
the thermal decomposition of sodium chlorate, and decomposes at higher temperatures, 
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oxygen and sodium chloride being formed. The maximum at 480’ on the DTA 

curve may therefore be regarded as characteristic of the decomposition of sodium 
chlorate, and the peak at 550’ to indicate the maximum rate of oxygen evolution from 
sodium perchlorate formed from sodium chlorate. 

A series of experiments was carried out to prove these hypotheses. Derivato- 
graphic measurements were made with sodium chIorate samples to which sodium 
perchlorate was added in increasing amounts. Figure 4 shows the DTA and DTG 
curves of 1: 1 mixture of sodium chlorate and perchlorate, and of the pure salts. 

N&IO, 

I.1 

NaClO:+ NoCkO, 

& 
i NaClO, 

P 
s 

1’1 

NaClO,+ N&l04 

NoCIO, 

480" 

200 400 600 a?0 II 

‘C 

xl 

FIG. 4.-DTG and DTA curves for sodium perchlorate, sodium chlorate and a mixture 
of both. 

The exothermic peak at 550” on the DTA curve of the mixture, and the correspon- 
ding DTG maximum, were found to be bigger than those in the curves for pure sodium 
chlorate. The increase in the height of the exothermic peak at 550” on the DTA 
curve, characteristic of the decomposition of pure sodium perchlorate is a proof of the 
formation of sodium perchlorate. 

As shown by the measurements, the genera1 reaction equation for the thermal 
decomposition of sodium halates gives the products of reaction correctly, but gives no 
information on the possible intermediate reaction stages. 

The peaks at 550’ on the DTG and DTA curves indicate partly the solidifying of 
sodium chloride produced during the decomposition and partly the thermal decom- 
position of sodium perchlorate. 
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Sodium bromate 

The derivatogram of sodium bromate is presented in Fig. 5. The endothermic 
peak at 380” on the DTA curve indicates the melting of the substance (in good agree- 
ment with the literature value 11). The decomposition of the sample starts at the 
melting point. The exothermic peak at 400” on the DTA curve, and the corresponding 
DTG maximum, show the temperature where enthalpy and weight changes proceed at 
maximum rate. Decomposition is complete at 430” and sodium bromide remains in 

32% _______ _________-_ 

0 

FIG. 5.-Derivatograrn of sodium brimate. 

stoichiometric amounts. It has been assumed by Jack12 on the basis of kinetic measure- 
ments that sodium bromate forms a eutectic with sodium bromide, but we could not 
prove this by measurements made under dynamic conditions. 

It was observed in the DTA experiments that oxygen is evolved from the sample 
simultaneously with the rounding off of particles, and solid sodium bromide is 
precipitated during the decomposition. 

The endothermic peak at 760” on the DTA curve indicates the melting of sodium 
bromide. 

Sodium iodate 

Figure 6 shows the derivatogram of sodium iodate. The endothermic peak at 
420’ on the DTA curve indicates the melting of sodium iodate. The melting point 
was found to be sharp, and no weight loss was observed above this temperature. 
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In the literature13-1j the decomposition point is quoted rather than the melting 

point and it is stated that the melting of the substance is accompanied by decomposition. 
According to our derivatogram decomposition does not start below 500”. The 
endothermic peak at 620’ on the DTA curve indicates the enthalpy change, and the 
peak at 610” on the DTG curve the temperature at which the rate of decomposition is 
maximum. Sodium iodide formed during the decomposition sublimed above 650”. 

FIG. 6.-Derivatogram of sodium iodate. 

Oxygen evolution starts above 460°, the melt becomes yellow, and at about 510” 
iodine vapour is produced. Sodium iodide formed during the decomposition remains 

dissolved. 
The amount of iodine removed from sodium iodide was determined by continuous 

thermal titratiorP under the conditions of the experiments. 
It has been stated that iodine is also formed besides oxygen during the thermal 

decomposition of sodium iodate. The following two reactions take place up to a 

temperature of 650” : 

2NaI0, = 2NaI + 3Oe 

4NaI0, = 2Na,O + 21, + 50,. 

About 72 % of the sample undergoes the first reaction, and 28 % the second. 
In Table I the temperatures characteristic of the thermal behaviour of the com- 

pounds studied are presented. 
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TABLE I.-SU~L~YOF~ERMO~AL~-ICALDATA 
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Figure Salt 
DTA peaks, “C 

Endothermic Exothermic 
DTG peaks, “C 

2 NaClO, 260,790 480,550 480,550 

5 NaBrO, 380,760 400 400 

6 NaIO, 420,610 610 

CONCLUSIONS 

In the thermal decomposition of sodium halates, the corresponding sodium halides 
and gaseous oxygen are produced and also iodine in the case of the iodate. In the 
solid state, all three compounds studied form an ionic lattice of sodium cations and 
halate anions. 

When the results were evaluated, the polarizing effect of the sodium cation was not 
taken into consideration, because it exists in all three cases, and only the thermal 
breaking of the halogen-oxygen bond in the anion was studied in detail. This means 
that a redox reaction proceeding at high temperature in the melt phase, with transfer of 
6 electrons, was investigated. 

The shift of melting points towards higher temperatures (260, 380, 420”) in the 
order chlorate, bromate, iodate, is indicated by the derivatographic curves. In 
agreement with X-ray investigations, this phenomenon proves that the ionic nature of 
the compounds increases in the order, chlorate < bromate < iodate. 

If the halogen-oxygen internuclear distances determined from X-ray datali*18 
are compared with the values derived as the radius sums, the results presented in 
Table II can be obtained: 

TABLE II 

Measured value, Calculated value, 
Bond A A 4 % 

Cl-0 1.43 1.66 16.0 
Br-0 1.61 1.79 10.0 

I-O 1.86 1.90 2.1 

The difference (4) between the two values was found to be highest for the Cl-O bond, 
the value for the Br-0 bond being of the same order of magnitude. (Sodium bromate 
and chlorate are isomorphous; sodium iodate has a different structure,) 

Experiments under dynamic conditions show that the decomposition of all three 
sodium halates is measurable oniy above the melting point, in the melt phase. During 
the decomposition of sodium chlorate, sodium perchlorate is formed as an inter- 
mediate; no analogous reaction was observed for the other two compounds. The 
absence of a similar reaction for sodium bromate may be due to the lower temperature 
of decomposition of sodium bromate. 

With sodium iodate, the formation of the periodate is not hindered by the electron 
configuration of iodine, but probably does not occur because of the high temperature 
of decomposition and the evaporation of the sodium iodide formed. 

6 
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According to the DTA curves the decomposition of sodium chlorate and sodium 
bromate is exothermic, while that of sodium iodate is endothermic. The enthalpy 
changes indicated by the DTA curves are the resultants of those accompanying three 
processes; (a) b rea mg of the halogen-oxygen bond, (b) formation of the sodium k’ 
halide, (c) solidification of sodium halide. 

If the overall equation of the decomposition is considered and the temperature 
dependence of the heat of reaction neglected, the heat of reaction can be calculated as 
follows : 

where H = heat of formation, Hfusion = heat of fusion, and AHy” = standard heat of 
the reaction, all in kcal/mole. 

The standard heats of reaction are -28.4, -22.1 and +50*3 kcal/mole for 
sodium chlorate, bromate, and iodate respectively. 

The properties of sodium iodate differ markedly from those of the other two salts. 
The central halogen atoms in the chlorate and bromate ions have a high polarizing 
effect owing to the high formal positive charges and small radii of the ions (CF+ = 
0.26 A, W+ = 0.39 A), so that they bind Os- ions by covalent bonds. In the iodate 
anion the positive charge on the iodine is equal to that on the other two halogens 
studied, but owing to the larger radius (O-5 A) the polarizing effect is low. The bonds 
with 02- ions are therefore more ionic in nature. 

It is interesting that the most ionic of the three halides (sodium chloride) is obtained 
from the most covalent halate, and the most covalent halide (the iodide) from the 
most ionic halate. 
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Zusanunenfassung-Die thermoanalytischen Eigenschaften von Nat- 
riumhalogenaten wurden mit einem Derivatographen und einem 
visuellen DTA-Instrument untersucht. Die untersuchten Verbind- 
ungen zersetzen sich merklich nur in der Schmelze, wobei sich die 
entsprechenden Natriumhalogenide bilden. Bei Natriumchlorat 
wurde such Bildung und Zersetzung von Natrium perchlorat beobach- 
tet. Der Vergleich der Ergebnisse thermischer Untersuchungen mit 
deneo riintgenanalytischer Messungen zeigt, da13 die chemische 
Bindung im Natriumjodat den hijchsten Ionencharakter zeigt, den 
geringsten bei Natriumchlorat. 
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R6sum&-On a etudit les proprietes therniaahafytiques des haloenates 
de sodium au moyen dun dtrivatographe et d’un instrument ATD 
visuel. On a trouve que la decomposition thermique des composes 
itudies n’a lieu, a un degrd mesurable, que dans la phase fondue, tandis 
que se forment les halogkuues de sodium correspondants. Pour le 
chlorate de sodium, on a pu egalement observer la formation et la 
decomposition de perchlorate de sodium. L.a comparaison des 
r&hats des etudes thermiques avec les rdsultats des mesures analytiques 
aux rayons X montre que le caractere ionique des liaisons chimiques 
est le plus fort pour I’iodate de sodium et le plus faible pour le chlorate 
de sodium. 
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Summary-Temperature profiles have been established at three 
mixture strengths of the nitrous oxide-acetylene flame used in atomic- 
absorption spectroscopy. Measurement of the electronic excitation 
temperature of the red-feather zone by the sodium line-reversal and 
iron two-line methods yields average maximum temperatures of 3070 
and 3025 +50’K respectively. This is significantly lower than the only 
previously reported value, 3228°K. Other temperature measurements 
obtained by studying intensity distribution of NH rotational fine 
structure and CN vibrational structure yielded less precise results, but 
suggest a state of thermal equilibrium in the flame. The temperature 
gradient within the flame shows a steady decrease with height above the 
primary zone. A study of CN spectra and the zones of persistence of 
free atoms and of metal oxide species suggests a mechanism of free 
atom production within the cyanogen zone whereby the removal of 
oxidizing radicals by CN promotes dissociation of metal oxide species 
previously formed in the primary zone of the flame. 

IN A PREVIOUS paper from this laboratory we reported a study of the emission spectra 
of premixed flames of nitrous oxide with acetylene in the presence of a range of 

refractory oxides .l The effectiveness of this flame for the determination by atomic- 
absorption spectroscopy of several elements forming refractory oxides (e.g., alu- 
minium, titanium and molybdenum) arises from the production of a higher population 
of free metal atoms in the ground state in this flame than in the conventional air- 
acetylene flame. Little evidence has been presented, however, to explain the mainte- 

nance of appreciable populations of atoms of these elements in this flame. It is 
noteworthy that for most elements of this type, good sensitivity in absorption is ob- 
tained only in flames which are fuel-rich (reducing) in character. Asreported previously, 
the high population of the CN radical found in these flames appears to create a reducing 
atmosphere in which free atoms of the elements are produced and maintained. The 
variation in temperature in various zones of the flame burning at different mixture 
strengths has an important bearing on the sensitivities obtainable in absorption and 

emission spectroscopy in the flame;and also on any mechanism postulated to account 
for the production and maintenance of free metal atoms in the plasma. The maximum 
temperature of the nitrous oxide-acetylene flame burning at atmospheric pressure 
has been reported as 2955°C. 2 This is the sole value available in the literature, and if 
it is a value obtained practically, rather than a calculated value of the maximum 
thermodynamic temperature, no facts are available concerning the type of burner at 
which the flame was supported, or the mixture conditions or region of the flame which 
produce this value. We have, therefore, made a study of the temperature profiles 
found in a premixed nitrous oxide-acetylene flame burning under different mixture 

663 
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conditions at a j-cm burner of the type commonly used for atomic-absorption measure- 
ments. 

If the flame gases are not in equilibrium it is difficult to define the “temperature” 
of the system. As noted by Gaydon and Wolfhard, however, departures from equilib- 
rium are slight for the interconal or burnt gases of most small, steadily burning 
premixed flames, and there is a real need, for the purposes mentioned, to establish 
the temperature in these regions. It is necessary to obtain “population” temperatures 
for various flame species and types of energy (electronic, vibrational and rotational) 
within the system. When these result in a common temperature within experimental 
error by various means of measurement, the system may be considered to be in ther- 
mal equilibrium and may be assigned a temperature. This paper reports the results 
obtained by the line-reversal method and two-line method for the effective electronic 
excitation temperatures for sodium and iron, respectively. We have also made esti- 
mates by emission spectrography of the effective rotational temperature of NH and 
the effective vibrational temperatures of CN in the flame gases of the fuel-rich nitrous 
oxide-acetylene flame above the primary reaction zone. 

Bw7zer arrangement 

EXPERIMENTAL 

The burner arrangement was similar to that previously described.’ The burner head was con- 
structed of stainless steel and consisted of two steel plates bolted to a massive steel head to form a slit 
0.375 mm wide and 5 cm long. The burner head was mounted on a stainless steel base and premixing 
chamber similar to that in the air-acetvlene burner used on the Unicam SP 9OOA flame snectronho- 
tometer. The burner was lit on air-acetylene, and the change to nitrous oxide-acetylenekffecteh by 
gradual replacement of the air by nitrous oxide via a T-piece and two rotameters. The sample solu- 
tions were introduced into the flame as aqueous lo-?M sodium or iron(III) chloride solutions riu a 
nebulizer and glass expansion chamber. Aspiration was by the nitrous oxide supply to the flame. 

Sodium line-reversal method 
The background continuum source used was provided by the anode of a d.c. arc burning at pure 

carbon electrodes (Johnson and Matthey Ltd., London). The diameter of the anode was 6.5 mm, 
and the arc was run at 10 A. With the electrode assembly used and a IO-mm arc gap, the voltage drop 
was 60 V. The effective temperature of the background radiation from the anode under these condi- 
tions was determined by direct measurement, with a potentiometer (National Physical Laboratory 
calibration) circuit, of the radiation from the anode spot, received at the face of a calibrated standard- 
ized thermopile. The average value obtained in this way for the anode temperature was 3772°K. 

The radiation from the anode was focused into the flame through a quartz lens (diameter 2.5 mm, 
focal length 50 mm). The loss of radiation from the background by reflection at the air-glass interfaces 
of this lens was estimated by measurement of the apparent temperature of the anode with and without 
the lens in position; it was found to be 8.8%. The radiation from the flame was focussed by a quartz 
lens (diameter 25 mm, focal length 75 mm) onto the plane of the slit of a small table spectroscope 
(Beck, London). The intensity of the radiation from the anode spot was reduced with a rotating 
sector of variable aperture, set between the arc and flame, and driven at constant speed by a synchro- 
nous motor. 

To make a temperature measurement by this method, a solution of sodium chloride (lo-?M) 
was nebulized into the flame. The arc discharge was initiated and the background brightness at cn. 
5850-5950 A viewed through the spectroscope, a narrow slit being used. Under these conditions the 
sodium 5890 8, doublet was seen in absorption against the background. The rotating chopper was 
then set to narrow aperture and rotated in front of the lens. The sodium doublet was then seen in 
emission against the background. The aperture of the rotating chopper was then increased stepwise 
until the sodium doublet was not visible either in emission or absorption, i.e., the brightness tempera- 
tures of both background and flame emission were the same at this wavelength. The rotating sector 
and drive motor were then removed from the optical bench and the effective aperture was determined 
at this “balance” setting. This was accomplished by interposing the sector between a standard 
tungsten ribbon filament lamp (Mazda projection lamp, Type R/l, 6 V, 108 W) operated at stabilized 
controlled current, and the calibrated thermopile and potentiometer. The attenuated radiation from 
the tungsten lamp was received and measured at the thermopile. The aperture of the rotating sector 
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at the established “balance” setting was then determined by relating the value obtained in this calibra- 
tion procedure to a prepared graph of energy received at the thermopile cs. aperture of the rotating 
sector (or degree of attenuation of the background brightness temperature). Thus the temperature 
of the attenuated background and flame was obtained. 

Two-line method 
A Hilger large quartz spectrograph was used for these measurements, and the arrangerpent of 

apparatus was similar to that described previously. 1 The burner was mounted on the optical bench so 
that it was “end-on” , i.e., an image of the flame from the 0.375-mm side of the burner was presented 
to the spectrograph and focussed at the slit by a quartz lens. In this way an inverted full-size image of 
selected parts of the flame was obtained vertically along the slit. Spectrograms obtained in this way 
show the variation of emission intensity with height, at wavelengths characteristic of species in the 
flame. Care was taken to recognize the possibility of self-absorption of radiation from the flame 
species when the burner was used in this position. Exposures were made on BlO or R40 plates, 
depending on the wavelength range to be examined and the speed required. Calibration of the plate 
emulsion at the wavelengths used was achieved with a Hilger stepped sector which gives intensity 
ratios of 1:2:4:8: 16:32. The plates were standardized for variation in emulsion sensitivity at the 
wavelengths of the iron spectral lines to be compared, by using a tungsten ribbon-filament lamp 
operated at a known brightness temperature (1650°K). This source approximates to a black body 
radiator, so its relative output intensity may be calculated at the wavelengths concerned. The spectral 
lines of which the intensities were compared for the temperature measurements were all within 100 8, 
of each other, and the correction for change in plate sensitivity over this range proved negligible. 
The plates were developed in Ilford ID 36 developer under standardized conditions, and intensities 
were measured with a Hilger photomicrodensitometer. The same burner and nebulizer arrangement 
was employed as in the line-reversal method. 

Line-reversal method 
RESULTS 

The line-reversal method, which is well-known and often used for flame tempera- 
ture measurement, was first described by Kurlbaum.4 The determination of flame 
temperatures by this method has been reviewed by Gaydon and Wolfhard. The strip- 
filament tungsten lamp is the background source most frequently used for determina- 
tion of the temperature of air-supported flames. The highest temperature available 
from this source, however, is ca. 2700”K, and at this temperature the lamp requires 
frequent standardization and the life-time of the tungsten filament is very short. 
The highest temperature available is also inadequate for hot oxygen-hydrocarbon 
flames, and in these studies also proved inadequate for the nitrous oxide-acetylene 
flame. We have used a d.c. carbon arc as the high temperature background source. 
The anode of this arc performs very nearly as a black body radiator, and its mean 
temperature was determined directly with a calibrated thermopile as 3770 f 30°K. 
Henning and Tingwaldts and KrygsmanG found the temperatures of the anodes of 
similar arcs to be 3818°K and 3800°K respectively for the visible region of the spectrum. 

When a carbon-arc source is employed with sodium in the flame, a correction must 
be applied for loss of light from the background source at the first lens by reflection 
before it enters the flame. This was achieved by determination of the energy received 
at the calibrated thermopile in the presence and absence of the lens. The mean 
correction found by this method was 8.8 ‘A, and background temperatures were 
corrected by this amount in all further measurements. 

Owing to the fact that with the apparatus used the radiation from the background 
was focused to a circle of 5 mm diameter in the flame, and also because relatively 
large temperature gradients exist in the flames, the values obtained are average 
temperatures in circular areas of the flame, 5 mm in diameter. The reversal method 
was applied at different heights in fuel-lean, slightly fuel-rich and very fuel-rich 
nitrous oxide-acetylene flames. The results obtained are shown in Table I. 
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TABLE L-TEMPERATURE VALUES OBTMXD 

Height above Fe two-line method Na line-reversal method 
burner plate, Average 

mm Line-pair used 
Average 

Temp., for zone, Temp., for zone, 
A’ “K “K QK “K 

Slightly lean N,O-C,H, flame (N,O-5.6 I/min; c,H,-%~ I/min) 

3.5 3749-3705 
3749-3722 
3758-3722 

2930 
2950 
2940 

7.5 3749-3705 2850 
3749-3722 2855 
3758-3722 2845 

15 3749-3705 2800 
3749-3722 2715 
3734-3748 2830 
3158-3133 2800 
33X-3824 2785 

2940 

2550 

2565 
2590 
2590 
2605 

2800 2535 
2530 
2600 
2555 
2575 2570 

Slightly fuel-rich N,O-C,H, flame (red feather) (N,O-5.6 I/min; CzH2--3.0 I/min) 

4.5 3647-3679 
3749-3705 

3749-3722 
3749-3705 
3149-3722 

3758-3705 
3758-3122 
3758-3733 

6 3749-3105 2880 
3149-3722 2890 

3734-3733 2940 

3749-3705 2920 
3749-3122 2880 

3149-3722 2890 
3749-3722 2890 

7.5 3149-3705 2840 

3749-3722 2820 

3749-3705 2820 
3749-3722 2810 
3749-3705 2810 
3749-3722 2875 
3749-3705 2875 
3749-3722 2825 
3749-3705 2820 

3749-3122 2830 
3734-3748 2825 

12 3734-374s 2785 
3749-3733 2815 

3749-3105 2830 
3749-3722 2810 

17 3749-3705 2800 
3749-3722 2770 

3100 
3045 
2955 3025 

2900 

2830 

2810 

2945 

3055 
3090 
3155 

3005 
3055 
3005 

3040 
3125 
3160 
3130 3070 
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TABLE I confimted 

667 

Height above 
burner plate 

mm 

Fe two-line method 

Line-pair used Temp., 
A’ “K 

Average 
for zone, 

‘K 

Na line-reversa 1 method 

Average 
Temp., for zone, 

“K “K 

3734-374s 
3749-3705 
3749-3723 
3734-3748 
3734-374s 
3820-3824 
3734-374s 
3749-3722 
3820-3824 
3749-3705 
3734-3748 
3749-3722 
3820-3824 

35 3734-3748 
3734-3748 
3749-3705 
3749-3722 
3734-3748 
3820-3824 
3825-3878 

55 3734-3748 
3820-3824 
3825-3878 

JO 3734-3748 

2760 2780 
2780 2730 
2760 2675 
2765 2780 
2750 2815 
2760 2775 
2770 2745 2755 
2775 
2760 
2785 
2785 2770 
2775 
2780 

2740 2640 
2725 2590 
2745 2565 
2735 2520 
2735 2585 
2730 2570 
2720 2730 2555 2575 

2700 
2705 
2710 2705 

2690 2690 

Fuel-rich N,O-C,H, flame (luminous) (N,O-5.6 I/min; C,H,--3.7 I/min) 

12 3749-3705 2830 2785 
3749-3722 2840 
3758-3733 2860 2745 
3825-3878 2885 2855 2760 

17 3734-3748 2730 2780 
3749-3705 2615 2760 
3749-3722 2810 2760 2765 
3820-3824 2750 
3749-3722 2775 
3820-3856 2820 2750 

30 3734-3748 2750 2570 
3749-3705 2750 2590 
3749-3722 2715 2600 
3820-3824 2715 2730 2555 

2510 2580 

50 3749-3722 2700 
3820-3824 2710 
3749-3705 2750 2720 

The precision of the line-reversal method as conducted with the apparatus described 
here is governed largely by the stability of the background anode spot temperature 
and the reproducibility with which the point of balance for background and flame 
radiation can be detected visually. From the range of values obtained for each zone, 
the relative standard deviation in each set of results is 1-2 % in the temperature range 
encountered. For the very important region of the flame immediately above the 
primary zone this amounts to an error of i50”K. 
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Two-line method 

This method was developed by Ornstein and co-workers’es for the measurement 
of arc temperatures and electronic transition probabilities. When thermal equilib- 
rium prevails within the system under investigation, for any two lines in the emission 
spectrum of an element introduced into the system we may write 

I’ A’ . g’ . Y’ . exp (-Z/X: r) 
-_= 
I A.g. V. exp (-E/kT) (1) 

where A and A’ = transition probabilities for the lines, g and g’ = statistical weights 
of the states, v and v’ = frequencies of the lines, E and E’ = excitation energies, 
k = the Boltzmann constant and T = the absolute temperature. Thus when the 
intensities, statistical weights and energy levels of the two lines are known, it is 
possible to calculate either the absolute temperature of the source or the ratio of 
the transition probabilities, provided that the other variable is known. The procedure 
most commonly adopted is to establish the required transition probabilities by using a 
source of known temperature, and subsequently to employ these values to evaluate 
the temperature of other sources. It is possible to apply this general equation and 
method to atomic or molecular spectra. When the temperature T is deduced from 
the relative intensities of rotational lines within the same vibrational band system of a 
molecular species in the flame, the value obtained represents a measure of the popu- 
lation ratios of rotational levels, and is termed a “rotational temperature”. Similarly, 
when the temperature T is obtained for a molecular species from the intensities of 
different vibrational bands within a single electronic transition, it measures population 
ratios of vibrational levels and is termed a “vibrational temperature” for that species 
We have principally been concerned with the effective atomic “electronic tempera- 
tures” , i.e., values for population ratios of electronically excited states of the metal 
atom introduced into the flame. 

Iron was selected as the most suitable element for measurement of the effective 
electronic temperature of the nitrous oxide-acetylene flame by the two-line method. 
Owing to the possibility of self-absorption, the two-line method is not usually used 
with resonance lines. Consequently the element chosen must exhibit at the expected 
temperatures a series of non-resonance lines at wavelengths which are free from 
interference from the flame background emission. The transition probabilities of a 
large number of such lines for iron are well-known. It was decided to accept estab- 
lished literature values for the transition probabilities,g,10 as their accurate measure- 
ment in a source of known temperature was not feasible with the apparatus available. 
The wavelengths of the iron lines emitted by the flame may be assigned with certainty 
by inclusion of a reference spectrum from an iron arc on each plate, and comparison 
of this arc spectrum and the flame spectrum with a standard iron arc spectrum. Of 
the 17 iron lines used, only those at 3679.9 and 3824.4 A are resonance lines. 

In order to establish that the experimental conditions, plate calibration and stand- 
ardization, and transition probabilities were reliable, the temperatures of the inter- 
conal zones of air-acetylene and oxy-hydrogen flames were determined by this method. 
The temperature profiles within these flames have been studied by several workers1”15 
and are well established. The temperature above the primary zone of the premixed 
stoichiometric air-acetylene flame is well established as cu. 2500”K, and the values 
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available compare well with the calculated value for this flame, 2520”K.16*” By the 
two-line method with iron we obtained an average value of 2490°K for this flame 
flame burning at the 5-cm burner described. Similarly we obtained an average value 
of 2700°K for the effective electronic excitation temperature for iron in the turbulent 
stoichiometric oxy-hydrogen flame burning at a total-consumption nebulizer-burner. 
This value compares favourably with the values obtained by other workers14Js for 
similar flames aspirating aqueous solutions (which cool the turbulent flame consider- 
ably). The calculated maximum temperature for the dry oxy-hydrogen flame has been 
quoted as 2953°K and 2993”K.20*21 

The values we have obtained by the two-line method with iron for the nitrous 
oxide-acetylene flame at different mixture strengths are shown in Table I. It is not 
possible to obtain reliable temperature values immediately above the primary zone 
of very fuel-rich flames by this method, owing to the high background emission pro- 
duced as a continuum by the carbon luminosity in this region. In the same manner 
the background due to the chemiluminescence of the reaction CO + 0 + CO2 +hv, 
is appreciable high up in the fuel-lean flame and prevents the measurement of very 
accurate temperature values in this region. 

Apart from the dependence of the precision on other experimental parameters in 
this method, any error in the measurement of the ratio I’/1 or A’g’/Ag will produce 
errors in the temperatures obtained. 
AT/T, as AT/T = kTArlr(E’ L E), 

Broidals has expressed the relative error, 
w h ere Ar is the error in the measurement of the 

ratio r of the intensities or transition probabilities. For example, a typical value 
ofE’ - E is O-75 eV and ratios can be measured such that Arlr is O-05 or less under 
favourable conditions. Since k = 8-616 x 10m5 eV/deg, for a gas at 3OOO”K, AT/T = 
1*7x, i.e., AT = 50°K. When many values are established from use of different line 
pairs, quite good precision and accuracy can be obtained. 

Rotational and vibrational temperatures 

Values have been estimated for the effective rotational temperature for NH and 
the effective vibrational temperature for CN in the “red-feather” zone of the slightly 
fuel-rich nitrous oxide-acetylene flame. These values were obtained from spectro- 
grams of the flame with the same burner arrangement and flow-rates of nitrous oxide 
and acetylene as for the two-line method in the slightly fuel-rich flame. The NH 
rotational temperature was obtained from the emission of the strongest (0,O) sequence 
of NH at 3360 A CII - 3C). This band has fairly open rotational fine structure and 
is well separated from other band systems. The Q branch is unresolved, but the 
effective rotational temperature for NH can be estimated from the intensity distribu- 
tion of the rotational lines in either the P or R branches. Values obtained from loca- 
tion of the position of maximum intensity, and by the equal intensity method3 in 
the R branch, yield an average rotational temperature for NH of 3600 5 300°K. 
The values obtained are not very precise, and the methods we have employed may 
not be very accurate. The limitations of the apparatus available did not render worth- 
while the application of more sophisticated methods of rotational temperature meas- 
urement. The average value obtained, however, compares very well with the value 
of 3700°K found by Gaydon- “2 for a stoichiometric nitrous oxide-acetylene flame 
burning at a different type of burner. 

The effective CN vibrational temperature was estimated from the ratio of the 
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maximum intensities of bandheads within the CN sequences at 3590 A (1, 0), 3583 8, 

(0, 0) and 4216 8, (0, 1). The required CN vibrational transition probabilities were 
taken from the data of Fraser, Jarmain and Nicholls.e3 The average of the series of 
values obtained for the CN vibrational temperature was 3450 & 300°K. 

The temperature results for NH and CN are probably of limited accuracy, princi- 
pally owing to the fact that the spectrographic equipment employed was only of 
moderate resolution. The results obtained are higher than the electronic excitation 
temperatures for iron and sodium, and the calculated equilibrium temperature for 
the stoichiometric flame. These results suggest, however, that in the reducing zone 
of the slightly fuel-rich flame any departure from equilibrium which occurs is slight. 

DISCUSSION 

The results for both the line-reversal and two-line methods indicate maximum 
temperatures immediately above the primary zone of the nitrous oxide-acetylene 
flame which are significantly lower than the maximum value of the flame temperature 
quoted in the literature? as 2955°C. The temperature attainable by the stoichiometric 
nitrous oxide-acetylene flame may be calculated by the method of Damkohler and 
Edse,2P and is 2930°C (3203°K) in the burnt gases above thereactionzone, the dissocia- 
tion of the products being allowed for. The difference between this value and the 
values obtained practically for the slightly fuel-rich flame amounts to cu. 200°K. 
The temperature of the slightly fuel-rich flame would be expected to be somewhat 
different from that of the stoichiometric flame, but probably not by as much as 200°K. 
The lower maximum temperatures obtained practically are best explained by the fact 
that in each case the flame is cooled somewhat by the massive steel burner plate 
employed, and also because in both methods by which the electronic excitation 
temperatures were obtained the flame was cooled to some extent by the aqueous 
solutions which were introduced into the flame. 

The results for the line-reversal method are, as stated previously, average values for 
areas in the flame, of the diameter of the image of the anode spot in the flame. It is, 
therefore, difficult to construct meaningful temperature t‘s. height profiles for the 

. reversal results. The variation of temperature with height at the three different 
mixture strengths examined by the two-line method is shown in Fig. 1. These profiles 
are relatively smooth, and show a steady fall in temperature above the primary reac- 
tion zone for each of the mixtures examined. From the point of view of analytical 
flame spectroscopy the most important part of the flame is the region immediately 

above the primary reaction zone. In this region no appreciable difference in the 
practical temperature values occurs between the lean, slightly rich and very rich 
flames. Thus in the slightly fuel-rich flame commonly used for atomic-absorption 
spectroscopy, the maximum temperature occurs immediately above the primary 
reaction zone and then decreases steadily throughout the red zone and above it. 

From the results obtained in this investigation it appears that the red zone of the 
slightly fuel-rich flame is in a state of thermal equilibrium. This finding assists in the 
interpretation of the emission and absorption characteristics of metal atoms introduced 

into the flame plasma. In a previous paper1 we observed that for elements such as 
molybdenum and aluminium pronounced atomic line emission persists only as high 

in the flame as the CN band emission (i.e., the reducing atmosphere). From the 
sharp drop in line emission intensity which occurs for these elements immediately 
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FIG. l.-Temperature us. height profiles obtained in two-line method, and flame 
appearance. 

(a) Slightly lean flame, (b) slightly rich flame, (c) very fuel-rich flame. 

above the red zone, it appears that the maintenance of the metal atom population is 
controlled by the reducing conditions as well as by the temperature of the flame. This 
suggestion is obviously only tenable if no sharp fall in temperature occurs at the bound- 
ary between the reducing red zone and the outer oxidizing mantle. The results of 
this study reveal a steady fall in temperature throughout the red zone and above it in 
the flame, and no such sharp drop in temperature is observed. The evidence available 
from atomic-absorption studies, which provide a more direct measure of the variation 
in metal atom population with height in the flame, also supports the view that a rapid 
decrease in metal atom population occurs at the top of the red zone. Also the results 

of our original spectrographic studies1 suggest that a rise in metal oxide population 
occurs immediately above the red zone for elements such as aluminium, titanium 
and beryllium. 

In the reducing atmosphere in fuel-rich flames, the partial pressure of atomic 
oxygen, p,,, and the partial pressures of other oxidizing species, pan and pHzO, are 
greatly depleted. Amongst others, reactions of the following type may account for 
the consumption of oxidizing species; 

CN+O+CO+$N, 

CN+OH+CO+$N,++H, 

CN+H,0-+CO+4N2+H, 

Mavrodineanu25 has suggested that the presence of gaseous metal oxides in flames 
may be accounted for by the equilibria: 

(1) M+O+MO 4 

(2) M+OH+MO+H K2 

(3) M + He0 + MO + He K3 
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The dissociation of the metal oxides is therefore promoted when the partial pressures 
of oxidizing species are lowered. For example, in reaction (l), if K1 is the equilibrium 

constant, the partial pressure of free metal atoms pJr is given by px = ICI . puo/po, 
where pNO and p. are the partial pressures of metal oxide and atomic oxygen, re- 
spectively. The partial pressure of free atoms, pu, may be expressed in terms of their 
number, N, by p JI = NkT, where k is the Boltzmann constant and T the absolute 

temperature. Thus the number of free atoms can be expressed by N = KlplIo/kTp,,. 
In atomic-absorption spectroscopy the integrated absorption coefficient, k,, at 

60 
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FIG. 2.-Spectrum showing absorption by CN at the (0,O) sequence of the CN violet 
band system at 3883 A, against the background continuum from a high pressure xenon 
arc. (A) Xenon arc background alone (no flame), (B) background arc spectrum viewed 
through slightly fuel-lean flame above primary zone, (C) background arc spectrum 

viewed through fuel-rich flame above primary zone. 

frequency Y is proportional to the number of free atoms, N, capable of absorbing at 
this frequency: Jk,.dv = BN, where B is a constant depending on quantities related 
to the absorption line. Substituting for N we obtain 

I 
k,.dv = BKlpuo/kTp,,. 

This equation shows how the integrated absorption coefficient may be expected to vary 
with the oxidizing or reducing nature of the flame plasma for elements which form 

gaseous oxides in the flame. This interpretation of the processes which result in the 

existence, in the reducing nitrous oxide-acetylene flame, of appreciable populations 
of free atoms of elements forming refractory oxides depends on the production of a 
partial pressure of gaseous metal oxide in the flame. Thus the sensitivity obtainable 

in atomic-absorption spectroscopy will depend on the partial pressure of metal oxide 
which can be produced at the flame temperature, and on the dissociation energy of 
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the oxide. The low sensitivity obtained for elements such as niobium, tantalum and 
zirconium even in the hot, reducing nitrous oxide-acetylene flame may be explained 
by the extremely stable and involatile nature of their oxides. 

Our earlier observations on thermal emission by CN suggested that it plays an 
important role in the flame processes above the primary zone. It is thus necessary 
to have evidence that an appreciable concentration of CN is present in this region. 
The intense CN emission alone is not sufficient evidence of this, although the results 
reported here suggest that the flame gases in this region are in thermal equilibrium. 
The value obtained for the effective CN vibrational temperature does not differ suffi- 
ciently from the sodium and iron electronic and NH rotational temperatures obtained 
to lead us to suppose that over-excitation contributes appreciably to the CN emission. 
Perhaps the best evidence for the existence of a relatively high CN population in the 

ot77 1 L I I I I t I Ii 
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FIG. 3.-Effect of fuel flow-rate on absorption by CN at the (0, 0) sequence of the CN 
violet band system at 3883 A. 

ground state is shown in Fig. 2. This shows the facile detection of CN in absorption 
above the primary zone in the slightly fuel-rich flame, against the background con- 
tinuum radiation from a high-pressure xenon arc. It is noteworthy that CN was not 
detected in absorption above the primary zone of the slightly fuel-lean flame. Figure 
3 shows the way in which the absorption by CN at the (0,O) sequence of the CN violet 
band system at 3883 A, against the xenon arc background, varies with the acetylene 
flow-rate. The CN concentration increases steadily as the flame becomes increasingly 
fuel-rich. In very fuel-rich luminous flames no further increase in CN absorption 
occurs when the acetylene flow-rate is increased, possibly owing to the lack of suffi- 
cient nitrogen from nitrous oxide in the primary reaction zone for its formation 
under these conditions. The excess of fuel in very rich mixtures is then converted 
mainly into carbon, the luminosity of which imparts to the flame its characteristic 
appearance. 
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Zusammenfassung-Die Temperaturprofile der in der Atomabsorp- 
tionsspektrometrie verwendeten Lachgas-Acetylen-Flamrne wurden 
bei drei Mischungsverhiltnissen ermittlet. Die Messung der Elektro- 
nenanregungstemperatur im roten Saum mit den Methoden der 
Natriumlinienumkehr und der zwie Eisenlinien ergab mittlere Maximal- 
temperaturen von 3070 bzw. 3025 & 50°K. has ist betriichtlich 
niedrieer als der einzine bisher mitgeteilte Wert von 3228°K. Andere 
Temp&aturmessunge~ durch Unte?suchung der Intensitltsverteilung 
der NH-Rotationsfeinstruktur und CN-Schwingungsstruktur ergaben 
weniger genaue Ergebnisse, deuten jedoch auf einen Zustand thermi- 
schen Gleichgewichts in der Flamme. Das Temperaturgefalle in der 
Flamme zeigt ein stetiges Abfallen mit der Hohe tiber der Primlrzone. 
Eine Untersuchung der CN-Spektren und der Zonen, wo langer lebende 
freie Atome und Metalloxidspezies vorliegen, deutet darauf bin, da8 
in der Dicyanzone freie Atome gebildet w&den, wobei das Abfangen 
oxidierender Radikale durch CN die Dissoziation der urspriinglich 
in der Primlrzone der Flamme gebildeten Metalloxidspezies begtinstigt. 

R&m&-On a etabli les profils de temperature pour trois concentra- 
tions de melange de la flamme protoxyde d’azote-acetylene utiliste en 
spectroscopic d’absorption atomique. Les mesures de la temperature 
d’excitation tlectronique de la zone rouge du fuseau aplati par la 
methode de renversement de la raie de sodium et la mtthode a deux 
raies du fer donnent des temperatures maximales moyennes de 3070 
et 3025 + 50°K respectivement. Ceci est notablement plus faible que 
la settle valeur rapportee antbieurement, 3228°K. D’autres mesures de 
temperature obtenues en etudiant la repartition d’intensitt de la struc- 
ture fine de rotation de NH et de la structure de vibration de CN 
donnent des resultats moins p&is, mais suggerent un ttat d’tquiiibre 
thermique dam la flamme. Le gradient ce temperature dans la flamme 
montre une dlcroissance constante avec la hauteur au-dessus de la 
zone primaire. Une etude des spectres de CN et les zones de persistance 
d’atomes libres et d’especes oxyde mttallique suggerent un mecanisme 
de production d’atomes libres a l’interieur de la zone cyanogbne, par 
lequel I’tlimination de radicaux oxydants par CN provoque la dissocia- 
tion de I’espece oxyde metallique anttrieurement formee dans la zone 
primaire de la flamme. 
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Summary-The construction of an electrodeless arsenic discharge tube 
and its use for atomic-fluorescence studies is described. Cool nitrogen- 
hydrogen and argon-hydrogen diffusion flames as well as normal 
premixed flames are considered as atom reservoirs and the atomic- 
fluorescence emission at I5 different wavelengths is evaluated. The 
diffusion flames give the largest emission signals at arsenic concentra- 
tions below 200 ppm, but show a premature curvature at higher con- 
centrations because of the presence of an abnormally high density of 
arsenic atoms. Above 200 ppm of arsenic, the premixed air-acetylene 
flame is superior. The limit of detection at 1890 A is O-2 ppm of arsenic 
in the nitrogen-hydrogen diffusion flame and 1.0 ppm in the air- 
acetylene flame. A long path-length diffusion flame is also particularly 
useful in atomic-absorption measurements because it absorbs very 
little radiation in the far ultraviolet region and gives an abundance of 
arsenic atoms. 

THE determination of arsenic by flame emission spectroscopy presents many difficulties 

because the lowest energy resonance line requires an excitation energy of over 6 eV, 
which is unobtainable with normal flames. Emission studies1 have, however, been 
made recently by measuring the chemiluminescence in the reaction zone of an oxy- 
acetylene flame whilst aspirating with organic solvents. Under these particular 
conditions a limit of detection of 2.2 ppm at 2350 A was obtained. Similarly, Gilbert2 
has observed the chemiluminescence spectrum from isopropanol solutions of arsenic 
nebulized in an air-hydrogen flame. 

Arsenic hollow-cathode lamps give a low radiation output at the resonance 
wavelengths (1890, 1937 and 1972 A) and are difficult to prepare owing to the volatility 
of arsenic, which also causes a short operating life. In spite of these limitations, 
successful atomic-absorption studies have been made by Slavin et aL3 using a hollow 
cathode lamp at 1937 A. The 1890 A resonance line was regarded as giving the 
strongest absorption, but there was less noise at the 1937 A resonance line because of 
its apparently higher intensity (as detected by the photomultiplier). The limit of 
detection for 1% absorption was given as 2 ppm. 

This paper reports the determination of arsenic by atomic fluorescence and 
atomic-absorption spectroscopy in premixed and diluted diffusion flames. 

Apparatus 
EXPERIMENTAL 

The apparatus used in our studies consisted of a Unicam SP 9OOA atomic-absorption/flame- 
emission spectrophotometer coupled to a Servoscibe recorder used on the O-10 mV range. A descrip- 
tion of its use for atomic fluorescence measurements has been given elsewhere.’ The electrodeless 
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discharge tubes were prepared by using the apparatus described in a previous communicationj and 
the discharge was maintained by using a Microton 200 microwave generator (2450 t 25 MC/S) and 
a model 211L resonant cavity (Electra-Medical Supplies). The discharge was initiated with a high- 
frequency “Tesla” vacuum-tester. 

Preparation of microwave excited electrodeless discharge tubes 

More difficulties were encountered in the preparation of a stable arsenic tube with an intense 
discharge than those experienced in previous work.s-a Quartz tubes 3.5 cm long containing co. 10 mg 
of arsenic metal (~1 mm Hg pressure at 372’) and less than 0.5 mm Hg pressure of argon gave a 
green coloured arsenic discharge. However, free arsenic plated out on the walls of the tube within 
the cavity, and the ends of the tube became quite hot during operation; this behaviour is the reverse 
of that normally observed. The arsenic lines were quite intense when the tube was operated at 40 W, 
but the stability was very bad owing to the plating out of the arsenic. Tubes containing more than 1.0 
mm Hg pressure of argon initially gave a very intense, stable, blue arsenic discharge at 35 W, but 
after ca. 2 hr of operation, the discharge transiently increased in intensity, changed to a light green 
colour and then abruptly to a red-violet (argon) discharge. This type of discharge remained even on 
increasing the power to 75 W. If the tube was now heated and again initiated with a “Tesla” coil, 
the blue arsenic discharge was again obtained. This now only lasted for about half an hour before 
changing to green and finally reverting to a normal argon discharge. The length of time that the blue 
discharge would remain became less after successive heatings and finally would last for no more than 
1 min. This curious effect is difficult to explain, but could be connected with the amorphous arsenic 
used, which slowly changes to a less volatile morestable allotrope under these low pressure conditions. 
The heating process could reveal a fresh amorphous arsenic surface as long as any remained. No 
evidence of arsenic attack on the quartz was observed. 

Quartz tubes 3.5 cm long, containing various amounts of arsenic and sulphur and 0.1-05 mm 
Hg pressure of argon gave an intense arsenic discharge, but after l-2 hr operation at ca. 35 W the 
discharge went out and could not be reinitiated. Again no evidence of attack on the quartz was 
observed. We have not been able to explain the failure of these particular tubes. 

Quartz tubes 3.5 cm long, containing hydrogen as the filler gas, were also made and were operated 
at ca 30 W. When the hydrogen pressure was less than 2 mm Hg, severe plating-out occurred after 
about 1 hr of operation. However, for hydrogen pressures >5 mm H g, little plating-out occurred as 
long as the tube was not overcooled. Quite stable discharges were obtained at 10-15 W with no 
cooling. Although these tubes gave the arsenic spectrum, it was not very intense and they were only 
used for some atomic-absorption measurements. Tubes containing 5 mm Hg pressure of hydrogen 
and 2 mm Hg of argon gave more intense arsenic discharges than those tubes containing only hydro- 
gen. The arsenic became white-brown in the hydrogen-filled tubes and black in the argon-filled 
tubes. A tube containing arsenic and mercury gave only a very weak arsenic discharge. 

The best sources were made in tubes 4 cm long, using a mixture of arsenic and iodine in the weight 
ratio 2: 1 and an argon pressure of ca. 1 mm Hg. These tubes gave a stable intense arsenic discharge 
when run at ca. 30 W with only very slight cooling or none at all. At powers >35 W, instability 
occurred because of an increase in pressure within the tube. If the iodine:arsenic ratio was in- 
creased, the tube gave a predominantly iodine type of discharge, thereby showing that the metal was 
not in excess. 

Procedures 

A 4-cm quartz bulb was degassed under vacuum at bright red heat for ca. 10 min during which 
time it was periodically flushed with argon to remove impurities. The tube was allowed to cool to 
room temperature and was removed from the vacuum line, and then about 15 mg of arsenic metal 
(99.999% purity) were introduced into the bulb. The tube was reconnected to the vacuum line, 
evacuated and tlushed out with argon. A piece of wet asbestos rope was tied round the centre of the 
bulb and the arsenic in the bottom of the tube was gently heated with a microburner so that it sub- 
limed l-2 cm up the tube. This process was designed to remove any occluded gases or moisture in 
the arsenic. After cooling to room temperature, the tube was removed from the vacuum line and ca. 
8 mg of iodine were added. The tube was again connected to the vacuum line, evacuated, flushed out 
with argon and pumped down to a pressure of about 0.1 mm Hg. The tube was left in this condition 
for about 5 min whilst being continuously pumped in order to volatilize any moisture in the iodine. 
Then a pressure of 1 mm Hg of argon was introduced into the system and the bulb was sealed off. 

Discharge tube characteristics 

The ground state of the arsenic atom is a ‘.S,$ state and all the lines shown in the Grotrian diagram 
presented by Candler@ were obtained, as well as some higher state lines which are accounted for by 
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FIG. 1 .-Emission spectrum of arsenic discharge tube operated at 30 W. 
A-slit 0408 mm, gain 3~0 
&slit 04303 mm, gain 3.0 

Brode.rO Not all of the lines shown by Candler are designated, but by calculating the energy differ- 
ences between the various states and using Candler’s table of ground state term differences, the 
excited state terms can be postulated. It was assumed that the excited terms are regular, although 
there is no evidence for this other than the fact that the equivalent terms are shown as regular for 
antimony. Our designations are, however, substantiated by the energy level differences given in the 
Tables of Spectral Line Intensities. ii In addition to the arsenic lines the 2062 A iodine line was quite 
prominent, but the continuum associated with tubes containing only free iodine was absent. 

The tube was best operated at a power rating of 30 W with the upper 2 cm in the cavity and 2 cm 
protruding below it with a very slight air-draught applied to the bottom of the tube from a compressed 
air supply. The discharge had a light blue colour under these conditions, but the cavity tuning was 
found to be rather critical. A spectrum obtained with a Unicam SP 9OOA spectrophotometer is 
shown in Fig. 1. A stability plot recorded over a period of 1 hr showed a maximum &2 % variation in 
response. There were no sudden fluctuations and the variation occurred in the form of gradual 
drifts. 

Flames 

ATOMIC-FLUORESCENCE MEASUREMENTS 

A 10m3M solution (75 ppm) of arsenic (prepared by dilution of a 10-?M solution 
containing O-989 g of arsenious oxide per 1. of distilled water) was nebulized into 
normal air-acetylene, air-propane and air-hydrogen flames and diffusion flames of 
nitrogen-hydrogena*‘” and argon-hydrogen .a Under optimised conditions the normal 
premixed flames all gave similar responses. However, when a 10-3M solution of 
potassium arsenate (prepared by dissolving 0.180 g of potassium arsenate per 1. of 
distilled water) was nebulized, the air-acetylene and air-hydrogen flames gave the 
better response. This indicates incomplete dissociation of potassium arsenate, 
especially in the relatively cool diffusion flames. In consequence, both the air-acety- 
lene and the two diffusion flames were studied, using solutions of arsenious oxide. 
The air-acetylene and the diffusion flames were obtained by using the standard 
acetylene jet and 1.8 x 7-O cm acetylene emission head supplied with the Unicam SP 
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900A spectrophotometer. The steel head of this burner is perforated at one end by a 
square array of 13 holes. 

Warelength of measurement 

Solutions of arsenious oxide were nebulized under optimized conditions into 

air-acetylene and nitrogen-hydrogen flames. The intensity of the signal was found to 
be dependent on the type of flame, the line at which the fluorescence was measured 
and the arsenic concentration. The results obtained at the 1937 A resonance line are 
shown in Table I. A similar effect was observed at other resonance and some non- 

resonance fluorescence lines. At low concentrations (~200 ppm) the nitrogen- 
hydrogen flame gave the better response, but at high concentrations (>200 ppm) 

TABLE I.-RELATIVE FLUORESCENCE EMISSION AT 1937 A 

Flame 
Relative fluorescence reading 

As 75 ppm As 750 ppm 

N&z 
Air/C,Ht 

35 35* 
22 40 

* Reading set to 35 divisions on recorder. 

the calibration curves curved towards the concentration axis. The calibration curves 
for the three resonance lines in the nitrogen-hydrogen flame are shown in Fig. 2 
together with the calibration curve obtained at 1972 t% in the air-acetylene flame. 
It can be seen that in the diffusion flame at low concentrations the 1890 A resonance 
line gives the best response followed by the 1937 A line and then the 1972 A line. 
However, at high concentrations the order is reversed and the 1972 ?L line gives the 
best response. As stated previously, the air-acetylene flame gives better linearity and 
sensitivity at high arsenic concentrations for a given line than the diffusion flame. 
This can be seen for the 1972 A line in Fig. 2. The strongly reducing cool diffusion 
flame contains a higher density of arsenic atoms than the hot air-acetylene flame and 
this accounts for the higher resonance fluorescence intensities at low arsenic concen- 
trations with the diffusion flame. At high arsenic concentrations this higher density 
of arsenic atoms causes self-absorption of the emitted resonance radiation. Hence, the 
diffusion flame calibration line curves more rapidly than that obtained in the air- 
acetylene flame. 

In addition to the resonance emission at 1890, 1937 and 1972 A, 12 non-resonance 
fluorescence signals were observed. The relative fluorescence readings are shown for 
the premixed air-acetylene and nitrogen-hydrogen diffusion flames in Table II, and 
Fig. 3 shows the fluorescence spectrum obtained in the diffusion flame. 

Table II shows that there are striking differences between the relative intensities of 
various lines in the two flames, probably due to differences in flame absorption at 
the same wavelength as the exciting resonance lines. Also, because of its greater 
atomic population there is more absorption of the resonance lines in the diffusion 
flame than in the air-acetylene flame. However, only measurement at a resonance 
line in the diffusion flame is subject to self-absorption effects of the emitted radiation. 
If measurement is made at a non-ground state line (direct-line fluorescence), then this 
radiation will not suffer any self-absorption before leaving the flame. This accounts 
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FIG. 2.-Arsenic calibration curves at various wavelengths. 
II at 1972 A in N&-I, diffusion flame, slit 0.325 mm, gain 3.5. 
b at 1937 8, in N,/H, diffusion flame, slit @325 mm, gain 35. 
c at 1890 8, in N,/H, diffusion flame, slit @325 mm, gain 3.5. 
d at 1972 8, in air/C*H, flame slit @325 mm, gain 35. 

681 

for the relative increase in intensity of the direct-line fluorescence signals for the 
nitrogen-hydrogen flame as compared to those for the air-acetylene flame at high 
arsenic concentrations. 

It was expected that the high rate of curvature of the calibration graphs observed 
for the resonance fluorescence processes would not be so marked at the corresponding 
direct-line or thermally-assisted direct-line fluorescence processes. This was found to 
be so for the fluorescence emission at 2350 A in both flames. Fluorescence readings at 
the 1890 8, line, which is the primary absorption line for emission at 2350 A, give 
a calibration curve that is parallel to the concentration axis for above 300 ppm of 
arsenic in the nitrogen-hydrogen flame (cJ Fi,. 0 2). However, if measurements are 
taken at the 2350 8, line, the curve does not become horizontal even at 600 ppm of 
arsenic. The 2288 A (?Pl, -+ 2D2”), 2350 A (2Pt - ?Dl:), 2745 A (‘PI, -+ 2P,)o, 
2780 A (“P,, -+ ?P1+“). 2861 8, (?P, - ‘P,“) and the 2899 A C2P, - “P,,“) lines are all 
examples of thermally-assisted direct-line fluorescence which has been previously 
observed for bismuth* and postulated for antimony .’ The relatively high fluorescence 
intensity of the 2350 A line is due to the low energy difference between the 4Pcn and 
the 2P, states (O-027 eV) and the favoured ?Pp, --+ %Dlto transition. This transition is 
spin-allowed, unlike the 2381 A (4Pzt + ?Dz+O) “direct” intercombination line. 
Arsenic is an atom of fairly low atomic weight that would be expected to give some 
degree of Russell-Saunders coupling. Hence the relatively high intensity of the 
2350 A line compared with that of the three “direct” intercombination lines. It must 
be remembered that the “P+ state can only be populated from the 4P2s state, which in 
turn can only be populated by,absorption of the 1890 A (4P2t -+ “S,+“) line, which is 
not the most sensitive for resonance fluorescence at an arsenic concentration of 750 
ppm. The 2P, state can not be populated by absorption of the 1882 A (‘P+ + 41J”) 
intercombination line as this line was found not to be absorbed. This was to be 
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Wavelength. A 

FIG. 3.-Atomic-fluorescence spectrum in nitrogen-hydrogen diffusion flame. 
Arsenic 750 ppm, slit 0.1 mm, gain 3.0. 

Emission signals at 2745 and 2780 8, are too low to be shown. 
* Multiply intensity scale by 2 to compare with other emission signals. 

TABLE II.-RELATIVE RESONANCE FLUORESCENCE IXTENSITIES 

Line, 
A 

Transition 
Relative fluorescence signal* 

Air/C,Hz X/Hz 

1890 

1937 

1972 

2288 

2350 

2382 

2437 

2457 

2493 

2745 

2780 

2861 

2899 

3033 

3120 

4p2+ - 4s, a0 
4pI ) - 4sI *” 
4Pj --) 4s,io 

*PIi + *Dvbo 

*P+ - *D;,' 

4P.,+ - *D2p 
"Pi; -f *D1p 

4P,, + * Dqko 

'P+ + *D;,' 

*PI ; + *P&O 

*PI ( + *PI+0 

*Pi -c 2Pt0 

*Pi 4 'P1*O 

4P,; -t 'P, *O 
4P) + *Ply0 

26 

40 

40 

58 

168 

33 

9 

45 

44 

i 

i 

t 

i 
L 

i 

37 

40 

43 

4 

144 

58 

13 

53 

61 

$ 

: 

40 

6 

13 

Ti 

* Scale reading; 750 ppm arsenic solution used.with slitwidth O-1 mm and 
gain 3-O. 

t Air/GH, flame background too high to permit accurate measurements. 
z Only observed with wider slitwidths and higher gains. 
7 Measurement uncertain due to proximity of OH band emission. 
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expected, because the equivalent antimony line at 2127 A c2Ppi - “S,,“) is only absor- 
bed very weakly’ and antimony does not obey the Russell-Saunders coupling rules as 
closely as arsenic. 

The thermally-assisted direct-line fiuorescence signals from the 2P,, state, which 
lies O-21 eV above the ‘Pzt state, were much weaker than those from the ?Pt state 

(cf- Tables II and III). These fluorescence signals (from the ?Plt state) were very 
weak in the cool diffusion flame, but were stronger in the high temperature air- 
acetylene flame, as would be expected. The fluorescence at 2288 A (?Plf -+ 2Dst) 
was 15 times as strong in the hotter premixed flame (cf. Table II). 

TABLE III.-RELATIVE QUENCHING EFFECTS OF 
NITROClEN AND ARGON 

Line, 
A 

Relative fluorescence 
intensity* 

%/HI NH, 

IS90 
1937 
1972 
2288 
2350 
2382 
2437 
2457 
2493 
2745 
2780 
2861 
2899 
3033 
3120 

32 
34 
37 

3 
116 
52 
12 
48 
56 

t0.5t 
0.57 

34 
5 

11 
: 

33 
46 
53 

5 
20s 

56 
17 
67 
80 

-0.5-i 
1-o+ 

63 
85 
15 
L 
c 

* 750 ppm arsenic solution used with slitwidth 
O-1 mm and gain 3.1. 

t Observed at wider slitwidths, higher gains. 
: Measurements uncertain due to proximity 

of OH band emission. 

The relative quenching effects of nitrogen and argon were found by comparing the 
intensity of the fluorescence signals in the nitrogen-hydrogen and argon-hydrogen 
diffusion flames. The results shown in Table III indicate that the lines emanating 
from the “P2+ state are unaffected when argon is substituted for nitrogen, whilst those 
from the 4Plt state are increased by cn 33 %, those from the 4P2r state by cu. 40 % 
and those from the 2Ph state by cu. 80 ‘A. This last figure was considered to be unusual 
as any atoms in the iPpc state must have arrived there cia a radiationless transition 
from the 4P2t state and the nitrogen molecule would be expected to favour this transfer 
more than the argon atom. Obviously the nitrogen molecules must quench atoms in 
the ‘P+ state to a greater extent than they assist the “Pzc + ?P+ transition. 

The effect of varying the source operating power is shown in Table IV. Increase in 
operating power appears to favour the fluorescence emission at 1972 A whilst that 
at 1890 A is decreased. This must be due to some self-reversal and pressure broadening 
of the 1890 A line in the source at increased power. Operating above cu. 35 W caused 
some instability because of an increase in pressure within the tube. 
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TABLE IV.-EFFECT OF X)URCE POWER ON FLUORESCENCE I~ESSKTY 

Power rating, 
W 

Fluorescence signal* 

75 ppm As 750 ppm As 

1890 A 1937 A 1972 A 1890 A 1937 A 1972 8, 

30 42 35 26 245 26.5 29 
43 50 46 36 31 34.5 39 
55 54 54 43.5 32 37 47 

* The fluorescence intensity readings were obtained with a slitwidth of 0.5 mm, and gains 
3.0 for 75 ppm As and 3.10 for 750 ppm As. The discharge tube was uncooled. 

TABLE V.-SO.ME LIMITS OF DETECITION* BY ATOMIC-FLUORESCENCE SPECTROSCOPY 

Line, 
A 

NJH, flame 

Limit, Slitwidth, 
PPm mm 

Air/CzH1 flame 

Limit, Slitwidth, 

PPm mm 

1890 0.2 
1937 0.25 
1972 0.5 
2350 O,lS 

* Signal-to-noise ratio = 1. 

2.0 1.0 2.0 
2.0 1.0 1.5 
2.0 2.0 1.5 
2.0 2.0 1.0 

Calibration curves have been obtained with aqueous solutions of arsenious oxide 
over the range 5-750 ppm of arsenic at the 1890,1937 and 1972 A resonance lines and 
at the 2350 A thermally-assisted direct line. In the diffusion flames the 1890 8, 

line was the most sensitive resonance line at low concentrations, but suffered serious 
curvature towards the concentration axis above 150 ppm of arsenic. The 1972 A 
line was the most sensitive resonance line at high concentrations of arsenic, and gave 
more nearly linear calibration curves. The 1937 A line was intermediate in behaviour 
as expected. The air-acetylene flame gave similar results except that the 1937 A 
line gave greater sensitivity at low concentrations of arsenic, possibly because the 
strong flame absorption at 1890 A resulted in a high signal:noise ratio. The 2350 A 
thermally-assisted direct-line fluorescence signal was the most sensitive, but the 
increased background of the air-acetylene flame was sufficient almost to offset the 
increased sensitivity. It was also found that the air-acetylene flame gave straighter 
calibration curves over a given concentration range of arsenic at a given line than the 
diffusion flames did. At low arsenic concentrations the nitrogen-hydrogen flame was 
more sensitive and for high concentrations (ca. 500 ppm) the air-acetylene flame was 
the more sensitive. This is probably because of the higher density of arsenic atoms 
in the more strongly reducing cooler flame, which causes self-absorption of the emitted 
radiation at high arsenic concentrations. The limits of detection in aqueous solution 
are shown in Table V for the main arsenic lines. Prior extraction of arsenic into 
organic solvents should considerably increase these limitsr2 as also would source 
modulation. The limit of detection at 2350 A is 0.2 ppm, when using a low background 
air-hydrogen flame, which like the air-acetylene flame is hot enough to give complete 
breakdown of all arsenic species. The limits of detection shown in Table V at the 
three resonance lines are especially good when it is realized that the photomultiplier 
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used in these studies (EM1 9601 B) has a Cornin g glass window and has virtually no 

response below cu. 2000 A. 

A filter interposed between the source and the flame so as to transmit radiation at 
1890 A, and another filter between the diffusion flame and the photomultiplier 
to transmit radiation at 2350 A,13 should lead to considerably better sensitivity 

limits. The diffusion flame has no background at 2350 A and this arrangement 
would overcome the large light losses which occur in the monochromator and also 
any scattering that might be observed at low arsenic concentrations. According to 
Jenkins and Whitel” a thin film of sodium metal on quartz is opaque to all wavelengths 
except those near 1950 A. 

With the premixed air-acetylene flame, the only interferences observed from a 
wide range of elements were due to intense light emission from easily excited elements 
such as Na, K, Cu, reaching the photomultiplier via a light leakage in the mono- 

chromator. Source modulation should also overcome this type of interference, 
which is not peculiar to atomic-fluorescence. 

With the diffusion flames described above, interference was observed with IO-fold 
molar excesses of various cations in a 75 ppm solution (10m3M) of arsenic. Up to a 
10% decrease in the fluorescence intensity was found with APf, Cu3+, Mg2+, 
Zn2f, Naf and NH,+ (in decreasing order of interference). Anions such as chloride, 
nitrate, phosphate and sulphate had little effect. The decreases are considered to be 
due to the incomplete dissociation of the metal arsenite in the relatively cool diffusion 
flame. Passing the solutions through a cation-exchange column or even burning the 
diffusion flame in an oxygen-sheathed atmosphere to increase its temperature should 
overcome these matrix effects. 

ATOMIC-ABSORPTION MEASUREMENTS 

The following flames were studied: air-acetylene, air-propane, air-hydrogen, 
nitrogen-hydrogen-nitrous oxide and nitrogen-hydrogen. Similar results to those 
quoted by Slavin et aL3 were obtained with the first three flames. Transmission 
signals of 18,33*5 and 40% were obtained at 1890, 1937 and 1972 8, respectively with 
a 7.O-cm burner. The flame absorbance for the air-acetylene flame was very depend- 
ent on flame conditions and reached a minimum for a flame on the verge of luminosity. 
It was at this point, which also corresponds to the point of maximum absorbance by 
the arsenic atoms, that the measurements were made. The opacity of the nitrogen- 
hydrogen-nitrous oxide flame below 2000 8, renders it inferior to the air-acetylene 
flame and it was not, therefore, used. The 7-cm nitrogen-hydrogen diffusion flame 
burning on a 7-cm perforated propane burner plate showed little flame absorption at 
any wavelength. The flame absorption was also not very dependent on the hydrogen 
pressure, and transmission figures of 70, 87 and 95% were obtained at 1890, 1937 
and 1972 A respectively. If a slot-burner with less air entrainment were used, even 
higher transmission figures should be obtained. Flame absorption with the air- 
acetylene flame was maximal when the burner head was level with the monochromator 
slit, but was minimal for the nitrogen-hydrogen flame. This shows that flame absorp- 
tion is at a minimum along the centre of the diffusion flame, which contains mainly 
non-absorbing nitrogen and hydrogen. Towards the edges of the flame air entrain- 
ment takes place, thus causing increased light absorption. This can be illustrated by 
slightly altering the burner position. Best results were obtained with the burner-head 
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TABLE VI.-ATOMIC-BXXPI-IO~ .~EASLXE- 
MEhiS WITH AS ELECTRODELESS DISCHARGE 

TUBE 

Line, Absorbance for 75 ppm As 

A 
N,/H, Air/C?H? 

188’ 0400 O-OOO* 
1890 0.398 0.115 
1937 0.332 0.092 
1972 0.200 0.055 

* Zero absorbance was also given with 
750 ppm of arsenic. 

level with the bottom of the monochromator slit for the air-acetylene flame and 
cu. 2 mm above it for the nitrogen-hydrogen flame. Table VI shows the absorbance 
measurements obtained at the four resonance lines on nebulizing a 75 ppm solution of 
arsenious oxide into these two flames. The arsenic electrodeless discharge tube was 
used as source and was placed in the usual position, but slightly out of focus to 
prevent too much light from reaching the detector. 

Metal arsenite solutions gave higher absorbance readings in the air-acetylene 
flame than in the diffusion flame, thus indicating incomplete dissociation in the latter 
flame. This can presumably also be overcome by first passing the solutions through a 
cation-exchange column. 
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Zusammenfassung-Es wird die Konstruktion einer elektrodenlosen 
Arsen-Entladungsrtihre und ihre Verwendung zu Atomfluoreszenzun- 
tersuchungen beschrieben. Kiihle Stickstoff-Wasserstoff- und Argon- 
Wasserstoff-DiffusionsSammen sowie atich normale vorgemischte 
Flammen werden als Atomreservoirs in Betracht gezogen und die 
Atomfluoreszenzemission bei 15 verschiedenen WelleGngen ermittelt. 
Die Diffusionsflammen geben bei Arsenkonzentrationen unter 200 
ppm die griit3ten Emissionssignale, biegen aber bei hl3heren Konzentra- 
tionen wegen der abnormal groaen Dichte an Arsenatomen vorzeitig 
urn. Uber 200 ppm Arsen ist die vorgemischte Luft-Acetylen-Flamme 
besser. Die Nachweisgrenze bei 1890 8, betragt 0,2 ppm Arsen in der 
Stickstoff-Wasserstoff-Diffusionsflamme und 1 ,O ppm in der Luft- 
Acetylen-Flamme. Eine Diffusionsflamme grot3er Schichtdicke ist 
such bei Atomabsorptionsmessungen besonders niitzhch, da sie im 
fernen Ultraviolett sehr wenig Strahlung absorbiert und eine grofie 
Menge Arsenatome liefert. 

Resume-On d&it la construction d’un tube a dicharge d’arsenic sans 
electrode et son emploi pour des etudes de fluorescence atomique. 
Des flammes de diffusion froides d’azote-hydrogene et argon-hydro- 
gene ainsi que des flammes normales prt-melangees sont considerees 
co-e des reservoirs d’atomes et on Cvalue l’&nission de fluorescence 
atomique a 15 longueurs d’onde differentes. Les flammes de diffusion 
donnent les signaux d’tmission les plus importants a des concen- 
trations en arsenic inferieures a 200 p.p.m., mais montrent une cour- 
bure precoce aux concentrations plus elevees B cause de la presence 
d’une densite anormalement tlevie d’atomes d’arsenic. Au-dessus de 
200 p.p.m. d’arsenic, la Ran-me pre-melangee air-acetylene est supb- 
ieure. La limite de detection a 1890 A est de 0,2 p.p.m. d’arsenic dans 
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la tlamme de diffusion azote-hydrogtne et de 1 ,O p.p.m. darts la flamme 
air-acetylene. Une flamme de diffusion a long parcours est egalement 
particuherement utile dans les mesures d’absorption atomique parce 
qu’elle absorbe tris peu de radiations dans la region ultra-violette 
olintaine et donne une abondance d’atomes d-arsenic. 
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Summary-Tracer methods, such as radioisotope dilution, radiometric 
analysis, concentration dependent distribution, saturation analysis 
etc., are compared on a basis of radioactivity-mass balance relation- 
ships, and their automation is proposed. The requirements of a 
chemical separation, which is an integral part of these methods, are 
discussed. It is shown that automation, in addition to its obvious 
advantages, enables entirely new procedures to be developed, based 
on chemical separations which do not give reproducible results when 
performed normally. Simple commercially available apparatus has 
been used to verify these concepts by determination of traces of 
mercury. As little as OXtO ppm of Hg can be dete@ned, the detection 
limit being about a tenth of this. In the range 24-0.03 ppm, 20 samples/ 
hr can be analysed, for lower amounts the sampling rate is 10 sampleslhr. 

TRACER methods are enjoying a small renaissance in the field of radiochemical 
analysis. There is a need for simple and sufficiently sensitive analytical methods and 
many radiochemists seem to be more and more reluctant to use the destructive 
activation-analysis which, in addition to its excellent qualities also has some well- 
known drawbacks. Therefore, substoichiometric isotope dilution,1*2 concentration 
dependent distribution,3-6 saturation analysis7** and quantitative isotope dilution- 
methodsQ*10 have been developed because they require much less complicated (and 
expensive) instrumentation than activation-analysis and are still potentially at least 
as sensitive. Usually, however, the simpler the instrumentation the more sophisticated 
is the chemistry involved. The chemical separation methods applied must permit 
separation of submicrogram quantities of elements with the same degree of reproduci- 
bility as for milligram quantities. If that is not the case, both the precision and repro- 
ducibility of the determinations are affected, because the activities are measured on 
the separated material. This can be seen from the radioactivity-mass balance 
relationship 

YS = (x + YE (1) 

where S = A/m, S, = AZ/m, are the specific activities before and after isotopic 
dilution of the quantity, y, of a radiotracer with the quantity, X, of non-active form 
of the same element. A and A, are the activities of the separated amounts m and m, 
of the element before and after mixing of active and non-active isotopes has taken 
place. Therefore 

yA:= (x+y)A, 

* On leave from Department of Nuclear Chemistry, Technical University, Prague, Czechoslovakia. 
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and for analytical purposes, x should be measured through a change of A,. For this 
purpose the rest of the variables in (2) must be known (and preferably be kept constant 
for automation) within the working range of X. However, this is most difficult to 
achieve for the ratio m,/m. Clearly a quantitative separation is useless as m = y and 
171, = x + y. If substoichiometric separation is used (which ensures constant yield 
of the test element), then m,/m = 1 and 

A 
x=y --1 . 

i > 4 

The constant yield of test element is achieved through choice of the conditions 
(pH, etc.) so that a suitable chelating agent (dithizone, diethyldithiocarbamate, 
cupferron, EDTA etc.), added in substoichiometric quantity, is completely consumed 
by formation of a chelate which is subsequently separated by solvent extraction or by 
ion-exchange. If the value of m,/m increases less than 1% for a tenfold increase of x 
then equation 3 is still valid for practical purposes and substoichiometric radioisotope 

dilution can be carried out. However, this requirement to a certain extent limits the 
choice of a suitable reagent to those which react fast enough and forms complexes 
with high stability constants.1-6 

For tn, # m, equation (2) changes to 

(4) 

where A, = S *y, the total activity added. As shown below, this equation applies 
for a whole range of methods. 

In the method of radiometric microanalysis due to Ehrenbergll the amount of 
reagent used is stoichiometrically equivalent toy. Therefore m, = y and consequently 
.Y = mz(A, - AJA,. Here the ratio m.Jm remains constant, but may be bigger than 
1. If, for chemical reasons, m,/m # constant, a calibration graph must be used. 
Thus concentration dependent distribution methods3-6 have been developed by De Voe 
et al. and also by KyrS. By keeping y and A, constant, m,/A, is found experimentally 
for different x-values. The calibration graph is obtained either as x =f(Az)v.d, or 

.y = f(AtlA,)~~. This approach has the usual advantages and disadvantages of 
methods which rely on a calibration curve. Saturation analysis’** (radioimmunoassay) 

is similarly based on the use of a calibration graph of x =f[(A, - A,)/A,],.,I. 
Finally, Suzuki’s quantitative isotope difutiong*10 must be mentioned, as it is basically 

the same. 
It is a matter of opinion which name should be used for this group of methods, 

but the principle on which they are based is the same in all cases. Briefly, substoichio- 
metric radioisotope dilution [equation (3)] is based on measurement of the change of 

specific activity when the separation yield is kept constant. All radiometric methods 
[equation (4)] are based on the measurement of the change of distribution of radio- 

active species between two phases caused by presence of a non-active species. It is 
shown below that this definition not only serves as a classification, but also has 

practical implications. 
These methods, although they differ in principle, are all based on substoichio- 

metric separation and can therefore be automated on the same basis. Two methods are 
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possible: in the fully automated method radioactivity is introduced continuously, 
and in the semi-automated method radioactivity, being present in each sample, is fed 

into the machine discontinuously. 
Fully automated method. A solution of original specific activity S is continuously 

fed into a machine (Fig. la) at a rate y. After substoichiometric separation, the 

activity A of fraction m is continuously measured and registered (baseline). By intro- 

ducing increasing amounts of I, the calibration graph is obtained. The greater x is, 

A /I A.-A 
tm); (y-ml 

r 1 
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FIG. I.-Concept of automated radiochemical analysis. 

the larger becomes the depression of activity (A,) registered as a “negative” peak. It 
should be noted that apart from the shape of the calibration curve, there is no 
difference between substoichiometric isotope dilution (m,/m = 1) and radiometric 
methods [m,/m =f(x), dotted line] in this case, for both S and A, are automatically 
kept constant over the whole range of x-values. 

Semi-automated method. This involves some pretreatment of the test sample 
(destruction, preliminary concentration etc.) before it is fed into the machine, to be 
further processed automatically. Radioisotope can either be mixed in the machine 
with the pretreated sample as indicated in Fig. la, or, better, added manually to the 
sample before pretreatment (Fig. lb). The latter approach is preferable as any losses 
of the species to be determined, which may occur during dissolution or preliminary 
separation, will not influence the analytical result. As the original specific activity S 
decreases to a value S,, because of the presence of x, the calibration graph is obtained 
by measuring and registering the activities A and A, as a function of the separated 

quantities m and n?,. Line A, which is proportional to the original specific activity of 
y(x = 0), serves as a baseline for x. The higher x is, the lower is the peak. The shape 
of the calibration graph obtained can be described either by equation (3) of (4). 

If m,/m = 1, equation (3) is obeyed and the slope of the calibration graph 
corresponds to the scale as given in Fig. 1. Moreover, any irreproducible losses (up to 
the value y - m) of the species to be determined have no influence on the results. 

Ifm,f m, the slope of a calibration graph (dotted line) will be different, simply 
because mz =f(x). No losses of material may occur as follows also from equation 

s 
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(4) which involves total original activity A,. In a practical case an increase of the 
ratio m,/m over a range of x must be investigated (cf. Fig. 4) and compared with 
other experimental errors and required precision. 

In an earlier paper’” an experimental method for the determination of mercury by 
fully automatic substoichiometric isotope dilution has been given. However, it is 
evident that this approach is also applicable for a whole range of radiometric methods, 
so in order to verify the idea of a semi-automated method on the same basis, the 
following experiments on the determination of mercury were carried out. 

Reagents 
EXPERIMENTAL 

All reagents were prepared from analytical grade reagents, unless otherwise stated. 
Water. Twice distilled from Pyrex apparatus. 
Carbon tetrachloride. Merck, p.a. 
Hydrochloric acid. Merck, Suprapur. 
Radioisotope, aosHg. Supplied as nitrate in 1M nitric acid, 

(Danish AECE, Riser). 
original specific activity 300 mC/g 

Radioarrive mercury solution. About 20 pl of the *03Hg solution are diluted with 0.5&f hydrochloric 
acid to 100 ml. This stock solution is diluted to the concentration required for the range of the 
calibration graph. The mercury content (y) of this solution is checked by reversed isotope dilution, 

Inactive mercury solution, 5 x lo-‘M in O.lM hydrochloric acid. Prepared from weighed amount 
of mercury(II) chloride. Further diluted to the required concentration with 0.03M hydrochloric acid. 

Stock dithizone solution, 4 x 10-4M in carbon te!rachIoridc. Prepared from LMerck dithizone 
p.a., and stored in a refrigerator. 

Zinc difhizonate stock reagent. Diluted solutions of organic reagents decompose in time and this 
must be prevented, especially for use in an automated method. In a previous paper,‘? zinc dithizonate 
was used instead of dithizone, but still further improvement of its stability was observed to be 
necessary. This was finally achieved in the present work, as follows. Place 2 g of ascorbic acid in 
a l-l. Pyrex glass separatory-funnel, dissolve it in ea. 25 ml of water, then add 150 ml of 1M acetic 
acid and 150 ml of 1M sodium acetate. Extract this solution for a short time with 25 ml of 20-fold 
diluted dithizone stock solution and discard the separated organic phase. Add 10 ml of O.lM zinc 
chloride, check the pH and if necessary readjust it to 4.5. Then add ca. 300 ml of the 20-fold diluted 
dithizone stock solution and extract for about 2 min. Separate the organic phase, and filter and store 
it in a refrigerator. The prepared solution (1 x lO-sM Zn(HDz)l in Ccl,) is stable for at least one 
month. When further diluted lO-fold, it can be used for at least 10 days; lo-‘MZn(HDz), is stable 
for at least 2 days and even 5 x IO-BM Zn(HDz), can be used when stored under a displacement 
solution in a displacement bottle (see Fig. 3). It was found that all the solutions must be stored 
protected from light, in colourless bottles with ground stoppers (a-20, Schott and Gen, Mainz). 
Dark brown glass bottles, which are generally used for this purpose, must be avoided, as zinc 
dithizonate rapidly decomposes in contact with this type of glass (which contains large quantities of 
metals). 

Displacement solution. The aqueous phase left over from the zinc dithizonate preparation is 
separated, filtered and stored in a refrigerator. After IO-fold dilution with water it is used as dis- 
placement solution (Fig. 3). 

Buffer solution. Dissolve 20 g of acetic acid in water, add 50 ml of O.lM EDTA and 100 ml of 
1Msodium hydroxide. Dilute to 1 1. and adjust the pH to 3.4. Purify this solution by extraction with 
two 25-ml portions of 20-fold diluted dithizone stock solution, then wash it with carbon tetrachloride 
and filter it. 

Apparatus 

Technicon Auto Analyzer. Sampler II, two-speed proportioning pump, strip-chart recorder (Elliot 
Dynamaster, Model 570, single point) as supplied by Technicon. 

Scintillafion counter. A Friesecke and Hoeofner model (West Germany) with a well-type NaI(Tl) 
crystal, 55 x 55 mm, well-diameter 18 mm, depth 38 mm, was associa&d with the same manu- 
facturer’s ratemeter model FH 57B. The output of this ratemeter (20 V, 3-8 kR) is fed into the recorder 
through a simple adapter consisting of a few resistors and a reference battery (circuit diagram available 
on request), to give agreement between the scales of the ratemeter and of the recorder, both scales 
being linear. Change the zero and full scale deflection is less than 0.5 % in 8 hr. 
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Flow-cell. Made of 3.5mm outside diameter glass tubing. Its construction and function are 
seen from Fig. 2. The mixture of air and aqueous and organic phases enters the separation trap (A), 
the separated organic layer is segmented by non-active aqueous solution (B) and then its activity is 
measured as it passes through a coil placed in the well of the scintillation crystal. The outlet (C) goes 
to waste (see Fig. 3). This cell has a better resolution than that used in a previous work,” as mixing 
of the organic layer is prevented by the aqueous segmentation. Further, no adsorption of radio- 
mercury on glass (which increases the background) was observed after 3 months of operation, 

FIG. 2.-Flow cell for measuring radioactivity with NaIflI) scintillation detector. Radio- 
active organic layer is separated from air-bubbles and aqueous phase, segmented by non- 

active aqueous phase @) and measured in a coil (volume 0.5 ml). 

because the aqueous phase (0.M hydrochloric acid-O&M acetic acid) decontaminates the cell 
continuously. The “effective volume” of this cell can be simply adjusted by a proper choice of the 
volume of organic phase pumped in at (A) and out at (C) and by the volume of the wash solution (B). 

Manifold. This was constructed from standard parts as supplied by Technicon. To minimize 
absorption problems, adsorption of radiomercury on all tubing materials and sample cups was 
measured by using ‘03Hg cable I). Clearly, polyethylene, glass and standard tubing are most 
suitable; and there is only a negligible adsorption of mercury on polystyrene cups from 0.03M 
hydrochloric acid. Therefore transmission solvoflex tubing is used only for waste lines, whereas 
the standard tubing is used for pumping and its length is minimized. The rest of the lines are made of 
polyethylene and the whole of the manifold between the HO fitting and the flow-cell is made of glass. 

Development of the method 

The chemical separation, on which this method is based, consists of solvent extraction of mercury 
as Hg(HDz), with carbon tetrachloride from a slightly acid solution containing EDTA. This medium 
is used to avoid the interferenoz of bismuth. The suitability of this reaction was first checked manually 
and then it was automated. From Fig. 3 it is seen that the solvent extraction is carried out in 
standard single mixing coils, as they were found by us to be superior to all other alternatives. 
For better mixing of the organic phase, simple jet mixers (marked h4) are introduced; for 
the same reason fitting D2 is used. Zinc dithizonate, dissolved in carbon tetrachloride 
is introduced into the system by means of the displacement bottle, fitted with a two-way 
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TALE I.-ADSORIWO~ OF RADIOMERCURY ON VARIOUS MATERIALS 

Medium 0.03M HCI l&fHCl* pH 3.5, EDTA 

Original content of 
Hg in solution 

Material? 
Glass 
Acidiflex 
Solvaflex 
Standard 
Polyethylene 

5zzr5 

8210 
13415 
35028 
9151 

795 

% 
100 

11.5 
23.5 
66.0 
17.1 

1.5 

CPm % CPm 
0 0 60100 

1870 3.4 5720 
5645 10.7 3498 

32024 60.5 54989 
6138 11.5 6350 
- - 532 

% 
100 

9.5 
5.8 

91.5 
10.5 
0.8 

Polystyrene cups.: 

30 60 120 300 1 2 4 5 7 
Time 0 min min min min day days days days days 

% of Hg absorbed 0.16 o.2S 0.34 0.43 0.50 0.82 0.66 1.18 1.10 1.14 

‘I Desorption of mercury from previously contaminated material (for 24 hours). 
t Activity of 2 cm? of each material after 24 h of contact with 0.2 ,ug Hg in 2 ml of activity 

6OXKIO cpm. 
$ One millilitre of radiomercury solution containing 0.1 pg Hg in 0.03N HCI was stored in a 2.0-ml 

sampler cup for the indicated period. The activities of empty cups were then measured by a well-type 
scintillation counter and % of Hg adsorbed calculated. 

Protected oga~nsl llqht 

Cltrale-EDTAPpH 3 4 

Displacement sotut1On 

L.__________-_-_- 
Flow- 

“0 I.19 

___ 0.5 MCH,COOH-0.1 M HCI 

cell + Waste t_c 
detector 

0 ! 

@Q&Izl 
Rotemeter Recorder 

FIG. 3.-Semi-automated method for substoichiometric determination of traces of 
mercury (manifold). 

M-jet mixers. Other symbols according to Technicon. 

Teflon stopper. Thus organic phase is protected by a layer of displacement solution and is conse- 
quently not in contact with the pumping tubes. 

Reproducibility curve. This was investigated with the setting as given in Fig. 3, using 8.4 X lo-‘M 
zinc dithizonate in carbon tetrachloride. The resulting graph (Fig. 4) was obtained by plotting the 
height of the registered peak OS. the quantities of mercury (0~012-060 @ml) present in the sampler 
cups. The same experiment was repeated with the citrate buffer replaced by IN sulphuric acid. 
From the shape of the reproducibility curve and from the delivery rates of the reacting solutions 
(Fig. 3) it follows that Hg(I-IDz), is formed and extracted. 
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I I I ! I 
0.2 o-4 06 

ppm Hg* 

FIG. 4.-Automated substoichiometric separation of mercury. 
l -1N HISO,, O-citrate-EDTA, pH 3.4. 

Culibration graph. A series of eleven solutions was prepared by mixing 5.0 ml of radioactive 
mercury solution (containing @5 pg of Hg/ml in 0.03M hydrochloric acid) with the same volume of 
inactive mercury solution containing respectively 0, 0, 0.03, 0.06, O-15, 0.30, 060, 1.20, 240, 0 and 
0 pg of Hg/ml in 0.03M hydrochloric acid. These solutions were divided into two halves, one being 
analysed immediately (Fig. 5, upper right) and the second after 1: 1 dilution with 0.03M hydrochloric 
acid (Fig. 5, upper left). The concentration of the zinc dithizonate solution used was 8.4 x IO-‘M 
and the experimental arrangement was as indicated in Fig. 3. Thus two calibration graphs were 
obtained for the initial O-03-2.4 ppm mercury range, one representing 100% recovery of mercury 
from an analysed material, and the second only 50% recovery. 

A 
0 003 

n A 
0 006 

ppm Hg 

FIG. 5.-Calibration graph for automated substoichiometric determination of mercury. 
A is the baseline for zero content of inactive mercury. 
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For lower concentrations-OTKU-0~24 ppm and 00303-0024 ppm-calibration graphs were 
prepared in the same manner, but the samplin g rate was decreased to 10 samplesihr. Only 50% 
recoveries are presented here (Fig. 5, middle and bottom) as 100% recovery is not likely to be achieved 
at such low concentrations. For the 0.003-0.24 ppm range 8.4 x lo-@M zinc dithizonate was used 
and 1 X 10-8M for the 0~0003-0~024 ppm ranse, both displacement and return delivery rates being 
0.64 ml/min only in the latter case. 

RESULTS AND DISCUSSION 

From Fig. 4 it can be seen that the amount of extracted mercury is independent 
of acidity in solutions ranging from pH 3.4 to IlV sulphuric acid. Further, the yield 
of this substoichiometric separation is not strictly constant, as the value of m,/m 

increases by about 5 % in the range 0-3-0-6 ppm of mercury. The same slope of the 
reproducibility curve was also obtained for O-03 ppm and O-003 ppm of mercury. For 
the same reason, the standard peaks (line A in Fig. 5) for 100% and 50% recovery 
differ by about 5 %. This deviation, however, can be tolerated when as little as 10m3- 
10-l ppm of mercury is determined. Further, although quantitative recovery of 
mercury at this level cannot usually be achieved, recoveries as high as 70-80% are 
still likely. Therefore, if the standard curve for 100% recovery is used for an actual 
sample, the reading will be only slightly higher than the true one. The most probable 
reason why strictly constant yields cannot be obtained is that HgClHDz is formed to 
some extent from Hg(HDz), in the presence of a large excess of mercury.‘?*13 Also, 
extraction may not be complete in the AutoAnalyzer. Further experiments with 
other elements will surely solve this question. 

The sensitivity of this method for mercury is limited by two factors, which are 

evident from the calibration graph for O-0003-0.024 ppm of mercury (Fig. 5, bottom). 
First, due to the low activity measured in this case, both baseline and peaks are not 
well defined in spite of the fact that a rather long integration time (60 set) was used. 
Next, 1 x lo-sM zinc dithizonate is not stable enough and therefore the standard 
level (A) decreases with time (the arrow indicates the level which should be reached 
by the last two standard peaks). If there is a need for determination of mercury at this 
very low level, this might probably be achieved by use of a higher specific activity 
than that used in this work. (This particular graph was obtained by using a 203Hg 

sample with specific activity -100 mC/g of mercury, but 1000 mC/g mercury is now 
commercially available.) Further stabilization of “standard level” A at this dilution 
is probably achievable by combination of two techniques: use of a displacement 
bottle and zinc dithizonate prepared as described above, and dilution in situ as 
proposed previously.12 

Adsorption problems are now solved completely by a choice of construction 
materials and of reaction medium, and by devising a new cell and the simplest possible 
manifold. Thus good resolution and a stable baseline are obtained and “carry-over” 
is minimized as can also be seen from Fig. 5. 

CONCLUSION 

A new concept of automated radiochemical analysis based on substoichiometric 
separation is proposed and has been experimentally verified. It has been shown that 
in a semi-automated method the radiotracer should always be added manually in the 
same quantity at the start of the procedure. This approach has two advantages: 
losses of species to be determined are automatically corrected and the amount of 
radioactivity consumed is less than half of that necessary for the fully automated 

method. 
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To apply the present findings to practical analysis, work is in progress to develop 
a sensitive method for determination of mercury in various biological materials. It is 
believed that a semi-automated procedure involviq the destruction method devised 

by the British Analytical Methods Committeell and automated substoichiometry will 
serve this purpose. 

Acknowledgement-We are indebted to Mr. Lars Mikkelsen for skilled glass-blowing. The automated 
instrumentation was placed at our disposal through a grant given by The Carlsberg Foundation, to 
which we express our gratitude. 

Zusammenfassung-Tracermethoden wie Verdiinnung mit Radioisoto- 
pen, radiometrische Analyse, konzentrationsabhlngige Verteilung, 
Sattigungsanalyse usw. werden auf Grund von Beziehungen zwischen 
Radioaktivitat und Masse verglichen und ihre Automatron vorgesch- 
lagen. Die Erfordemisse einer chemischen Abtrennung, die einem 
unbedingt notwendigen Teil dieser Methoden darstellt, werden 
diskutiert. Es wird gezeigt, da8 die Automation zusltzlich zu ihren 
offenkundigen Vorteilen die Entwicklung ganz neuer Arbeitsvorschrif- 
ten gestattet, die auf bei normaler Ausfiihrung nicht reproduzierbaren 
chemischen Abtrennungen beruhen. Einfache, im Handel erhlltliche 
Gerite wurden verwendet, urn an der Bestimmung von Quecksilber- 
spuren diese Gedankengange zu verifizieren. Es konnen 0,005 ppm 
Hg bestimmt werden, die Nachweisgrenze betragt etwa ein Zehntel 
davon. Im Bereich von 2,4 bis 0.03 ppm konnen 20 Proben pro 
Stunde analysiert werden, bei Kleineren Mengen 10 Proben pro 
Stunde. 

Resume-Les methodes aux traceurs, comme la dilution radio- 
isotopique, I’analyse radiometrique, le partage dependant de la 
concentration, I’analyse de saturation, etc., sont compares sur la 
base de relations radioactivite-equilibre de masse, et l’on propose leur 
automation. On discute des conditions ntcessaires a une separation 
chimique, qui est une partie inttgrante de ces mtthodes. On montre 
que I’automation, en plus de ses avantages Bvidents, rend possible le 
developpement de techniques entiirement nouvelles, bas&es sur des 
separations chimiques qui ne donnent pas des resultats reproductibles 
lorsqu’elles sont realisees normalement. On a utlise un appareil simple 
et commercialement accessible pour verifier ces concepts par la 
determination de traces de mercure. On peut doser une quantitt aussi 
faible que 0,005 p.p.m. de Hg, la limite de detection Ctant d’environ le 
dixieme de cette valeur. Dans le domaine 2,4-0,03 p.p.m., on peut 
analyser 20 Cchantillons par heure, pour des quantites plus faibles, la 
cadence est de 10 &chantillons/heure. 
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SHORT COMMUNICATIONS 

Determination of organic bases in non-aqueous solvents by catalytic 
thermometric titration 

(Received 21 September 1967. Accepted 19 January 1968) 

IN PREVIOUS paper~t-~ we described the principles of catalytic thermometric titration of some organic 
bases in acetic acid solution. The method for the determination of tertiary amines and salts of organic 
acids in acetic acid is based on titration with standard perchloric acid solution in the presence of 2% 
of water and 8% of acetic anhydride. After the equivalence point, the excess of perchloric acid 
catalyses the exothermic indicator reaction of water with acetic anhydride. The end-point was 
determined from the graph of temperature against volume of added titrant or by means of a calibra- 
tion curve. In the catalytic thermometric titrations described, the standard solution was added 
discontinuously, while the temperature changes were measured either with a thermometer or a ther- 
mistor. During the titration it was necessary to read the chronometer and temperature or the galvano- 
meter as fast as possible and immediately make a further addition of the titrant. 

In the present work, the temperature was measured by means of a thermistor connected in circuit 
with a recorder, which enabled us to read the temperature continuously, increase the accuracy of 
the determination and generally simplify the titration. In addition, we have carried out titrations by 
continuously adding the standard solution by means of an automatic piston burette. With this 
technique the titration end-point is determined from the intersection of the plot of temperature against 
time or volume, on semi-log paper. The purpose of this work was also to investigate the possibility of 
determining weak bases by catalytic thermometric titration, which cannot be achieved in acetic acid.* 
According to Fritz and Fulde, very weak bases can be determined potentiometrically in nitromethane, 
and Wimer,” when studying the effect of the ratio of acetic acid and acetic anhydride in the mixture, 
noticed that with increase of the latter there was an increase in the potential jump near the equivalence 
point. We attempted several determinations with the solvents mentioned. The determination of 
antipyrine, a rather weak base, by catalytic thermometric titration in nitromethane and acetic 
anhydride, confirmed the dominant role of the dielectric constant of the solvent. By varying the ratio 
of acetic acid and acetic anhydride, we established that an increase in the concentration of the latter 
resulted in greater temperature changes at the end-point of the catalytic thermometric titration, and 
therefore in results of higher precision. This offered the possibility of developing a modification of the 
catalytic thermometric titration of bases, by generating hydrogen ions coulometrically according to 
Mather and Anson’s method.’ 

EXPERIMENTAL 
Titrations in acetic acid 

As solvent we used glacial acetic acid (C. Erba, s.g. 1.051), containing less than 0+)-l% of water.’ 
Other chemicals, solutions and apparatus used, as well as the conditions of work, were described in 
the preceding paper.* For temperature reading we used the recorder of a Radiometer Polarograph 
PO-3h. The thermistor was connected as shown in Fig. 1. The titration is carried out by adding 
025N perchloric acid in acetic acid continuously by means of an automatic piston burette. The 
curves obtained by this technique are shown in Fig. 2. 

In this procedure we stopped the titration 34 min after the sudden rise in temperature. The 
titration end-point was determined graphically, on the basis of the known chart-speed and by plotting 
on semi-log paper temperature change VS. time as ordinate as shown in Fig. 3. The intersection of 
the straight line and the curve gave the time taken to reach the end-point and hence (from the rate of 
delivery of titrant) the volume of standard solution used. With a rate of addition of 0.074 ml/min 
the best results are obtained under the conditions given in this paper. 

From Table I it can be seen that the results obtained by this procedure are in agreement with 
these of potentiometric titrations or those of catalytic thermometric titrations by discontinuous 
addition of the standard solution. 

699 
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t----+*1 2&- 
FIG. I.-Circuit diagram of the thermistor and recorder coupling. 

FIG. 2.-Catalytic thermometric titration curve for 2.6 x 10-aMsolution of potassium 
acetate in acetic acid obtained by continuous addition of 0.25M perchloric acid. 

10' 

5; 

2’ 

16 18 20 22 24 time in minutes 

FIG. 3.-Catalytic thermometric titration curve for diethylaniline in acetic acid on 
continuous addition of 0.2SM perchloric acid (semi-log paper). 
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0 1 2 3 ml 0.25N HC104 

FIG. 4.-Potentiometric titration curves for antipyrine with 0.25M perchloric acid 
in different solvents. I-in nitromethane with 8% of acetic anhydride present; 2-in 
acetic anhydride; 3-in acetic acid with 8% of acetic anhydride present; 4-in 

acetic acid. 

TABLE K-COMPARISON OF RESULTS OBTAINED BY POTENTIOMETRIC AND CATALYnC THERMO- 

METRIC TITRATION 

Substance 
titrated 

Potentiometric Catalytic thermometric 

Taken, 
titration titration 

g Average Average 
No. of Found, deviation, No. of Found, deviation, 

titrs. x % titrs. g % 

Antipyrine O+lOOO 3 0.1050 0.16 6 0.1046 0.53 
Brucine 0.1000 3 0.1198 0.09 5 0.1214 0.43 
Sodium acetate 0.0200 3 0.0199 0.25 5 0.0201 @OO 

TABLE IL-COMPARISON OF RESULTS OBTAINED BY POTENTIOMETRIC AND CATALYTIC 
THERMOMETRIC TITRATION BY COULOMETRIC GENERATION OF TITRANT 

Potentiometric titration Catalytic thermometric titration 
Substance 

tritated 
No. of Found, 
titrs. W 

Average 
deviation, 

W 

No. of 
titrs. 

Found, 

mg 

Average 
deviation, 

m? 

Dimethylaniline 5 3.29 0.03 5 3.30 0.03 
Pyridine 5 1.75 0.01 6 1.74 0.03 
Triethylamine 5 244 0.03 7 242 0.03 
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Titrations in nitromethane 

As solvent we used nitromethane, BDH Laboratory Reagent, containing 0.30% of water.6 Other 
chemicals, solutions and apparatus used, as well as working conditions, were the same as in the titra- 
tions in acetic acid. Antipyrine (& in aqueous media 4 x IO-“) was determined by potentiometric 
titration in different solvents, and the curves obtained are presented in Fig. 4. It can be seen that the 
potential change at the titration end-point in nitromethane is twice as great as that in acetic acid. 
Antipyrine cannot be determined by catalytic thermometric titration in acetic acid,$ but we were 
able to perform this titration in nitromethane containing 2% of water and 8 % of acetic anhydride. 
The results obtained agree with those of potentiometric titrations, the average deviation amounting 
to f05”/<. 

7YtratMns in acetic anhydride 

The recording of temperature changes enabled us also to follow accurately the large temperature 
changes taking place when catalytic thermometric titrations are made in acetic anhydride. The 
solvent used in catalytic thermometric titrations consisted of acetic anhydride C. Erba, s.g. 1.08. min. 
97 % with 2% of water. We made potentiometric titrations of antipyrine in pure ace& acid, in a 
mixture of acetic acid with 8 “/, of acetic anhvdride. and in nure acetic anhvdride. in which there is the 
highest potential jump at the Fitration end-point (Fi g. 4). ‘The results of datalytic thermometric titra- 
tions of antipyrine were the more precise the higher the concentration of acetic anhydride. 

For the purpose of a thorough study of catalytic thermometric titrations in acetic anhydride, we 
first established the changes in the rate of hydrolysis of acetic anhydride as a function of the catalyst 
concentration, as we did for determination in acetic acid.* It is evident from the results Table II that 
in acetic anhydride even antipyrine can be successfully determined, and it is, therefore, to be expected 
that so could other weak bases which are impossible to determine in acetic acid. 

Continuous addition of the titrant can be replaced by coulometric generation of hydrogen ions at 
the anode, according to Mather and Anson’s method. ’ The solution titrated should contain, in 
addition to the base, acetic anhydride and acetic acid (in the ratio 7:l) O.lMsodium perchlorate and 
2% water. The optimal current density at the anode is 0.4 mA/cm:, and the total volume of the 
anolyte 25 ml. Some of the results obtained by this coulometric technique are given in Table III. 

Acknowledgements-This work was supported partly by the Research Fund of the Autonomous 
Province of Vojvodina. We express our gratitude to the Pharmaceutical Industry “Galenika”, 
Beograd, for supplying us with samples of the substances investigated. 
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Summary-Catalytic thermometric titrations have been developed for 
bases (brucine, diethylaniline, potassium acetate and triethylamine) 
in acetic acid by continuous and discontinuous addition of the standard 
solution and automatic temperature recording. The determination of 
weak bases, e.g., antipyrine, unsuccessful in acetic acid by catalytic 
thermometric titration, has been achieved by using nitromethane or 
acetic anhydride as solvent. Catalytic thermometric titrations were also 
performed by coulometric generation of hydrogen ions for the deter- 
mination of micro amounts of weak bases in a mixture of acetic anhy- 
ride and acetic acid. 

Zusammenfasstmg-Zur Bestirnmung von Basen (Brucin, Dilthylanilin 
Kaliumacetat und Triathylamin) in Essigsaure wurden katalytische 
therrnometrische Titrationen mit kontinuierlicher und diskontinu- 
ierlicher Zugabe der Standardliisung und automatischer Temperatur- 
registrierung entwickelt. Die Bestimmung schwacher Basen. z.B. 
Antipyrin, die in E&g&ma durch katalytische thermometrische 
Titration nicht moglich ist, wurde durch Verwendung von Nitromethan 
oder Acetanhydrid als Losungsmittel erreicht. Auch rnit coulometri- 
scher Erzeugung von Wasserstoffionen zur Bestimmung von Mikro- 
mengen schwacher Basen in einem Gem&h von Acetanhydrid und 
Essigslurewurden katalytische thermometrischeTitrationenausgeftihrt. 
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Rbum&-On a Clabort des titrages thermomttriques catalytiques pour 
des bases (brucine, diethylaniline, acetate de potassium et triethylamine) 
en acide acttique par addition continue et discontinue de la solution 
Ctalon et enregistrement automatique de la temperature. Le dosage de 
bases faibles, par exemple l’antipyrine, qui n’a pu etre effect& avec 
succes en acide acetique par titrage thermomttrique catalytique, a 
ete realist par I’emploi, comme solvant. du nitromethane ou de I’an- 
hydride acttioue. Les titrages thermometriques catalvtiques ont aussi 
Cie executes par gentratio; coulomttrique h’ions hydrdgene pour le 
dosage de microquantites de bases faibles dans un melange d’anhydride 
et d’acide acttiques. 
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Estimation of dimethylsulphoxide with chloramine-T 

(Received 21 December 1967. Accepted 9 February 1968) 

DIMETHYUIJLPHOXIDE is an unusually versatile chemical which has a very wide application as a 
solvent, a reaction medium and a chemical reactant,* and it is desirable to have a suitable procedure 
for its determination. 

Earlier methods were based on either its reduction to dimethylsulphide by Sn(II),’ Ti(III)S*4 or 
iodide,’ or its oxidation to dimethylsulphone by potassium permanganate.@ Of the reductimetric 
methods, the most reliable involves oxidation of iodide in glacial acetic acid in presence of acetyl 
chlorides and titration of the iodine liberated, but does not work in dilute aqueous media. Potassium 
permanganate in acid medium is the only reagent so far recommended for the oxidimetric determina- 
tion. Permanganate is reduced only to MnO, and not to Mn(II) by dimethylsulphoxide. 

During the present study we examined the behaviour of dimethylsulphoxide (DMSO) towards 
dichromate, cerium(IV), vanadate, hypoiodite, hypochlorite and chloramine-T under various 
conditions. No oxidation of DMSO was observed with Cr(VI), Ce(IV) and V(v) in 1M sulphuric 
acid at room temperature. Even at -80” with 2Msulphuric acid very little Ce(IV) or Cr(VI) reacted 
with 0.1M dimethylsulphoxide. Addition of common catalysts such as osmic acid and molybdate 
was of no avail. Sodium hypochlorite oxidized DMSO to a limited extent in alkaline medium, and 
extensively in acid medium, but it was difficult to standardize the conditions. However, the reaction 
between chloramine-T and DMSO was found to proceed under suitable conditions in 1: 1 stoichi- 
ometry according to the equation, (CH,),SO + {CHI . C~HISOINCl-} Nat + H,O - (CH,)$O, f 
CH, . C.,H,SO,NH, + Na+ + Cl-. Determination of DMSO by direct titration with chloramine-T 
was not practicable because the oxidation, though rapid, was not instantaneous, and a back-titration 
procedure was developed. The method is quicker than the permanganate method and just as accurate. 

EXPERIMENTAL 

An approximately O-025Maqueous solution of DMSO(Fluka) was prepared and standardized by 
the permanganate method.‘ Approximately 0*05N aqueous chloramineT solution was prepared and 
standardized iodometrically by the procedure of Bishop and Jennings.’ All other reagents were of 
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accepted grades of purity. Alkali metal acetate, phthalate and phosphate buffer systems were used; 
systems containing ammonium compounds were not employed, as the ammonium ion is oxidized by 
chloramine-T. 

In the preliminary studies, known amounts of DMSO solution were taken and after adjustment of 
reaction conditions a known excessive volume of chloramine-T solution was added last, the volumes 
being so adjusted that the fmal volume was about 125 ml. After standing for various intervals of time 
at room temperature, the amount of chloramine-T left unconsumed was determined by addition of 
excess of potassium iodide followed by excess of sulphuric acid, and titration with thiosulphate of the 
iodine liberated. Dimethylsulphoxide and its oxidation products were found to have no action on 
potassium iodide in dilute solutions. The extent of oxidation was determined from ratio of the number 
of mmoles of chloramine-T consumed under the reaction conditions to the number of mmoles of 
DMSO taken. 

RESULTS AND DISCUSSION 

A representative set of results for the extent of oxidation of DMSO in 20 min by only a small excess 
of chloramine-T is given in Table I. It is seen that in the absence of chloride ions (other than the very 

TABLE I.-Exn?sr OFOXIDATION OFDIMETHYLSIJLPHOXIDE 
WITHCHLORAMMINE-T(CAT) 

Medium 
CAT consumed, mmole CAT used 

rnmole mmole DMSO taken 

0*5N H,SO, 0.2403 0.486 

0*3N H,SO, 0,2939 @594 

O*IN H,SO, 0.3658 O-740 

pH 2.65 0.4902 O-991 

pH 3.15 0.4912 0.993 

pH 3.45 0.4929 o-997 

pH 3.75 0.4950 l+lO 

pH 4.00 0.4950 l-00 

pH 4.45 0.4941 o-999 

pH 4.75 o-4950 I-00 

pH 5.05 0.4918 o-995 

pH 5.35 O-4685 0.947 

pH 7.7 0.0302 0.062 

pH 8-9 OGO58 0.026 

DMSO taken = O-4946 mmole; CAT taken = 0.5588 
n-mole; temperature 25-30°C; standing time = 20 min. 

low concentration resulting from progressive consumption of chloramine-T) the oxidation of dimethyl- 
sulphoxide is very slow at pH < 1. Oxidation occurred appreciably in the pH range 2-65-5-05 and 
again decreased at pH > 5.35. The rate of oxidation was greatest at pH ti.5. Thus, at pH 2.65 
DMSO was quantitatively oxidized to dimethylsulphone in 10 min with a 20% excess of chloramine-T 
present, and in less than 5 min at pH u.5 with the same excess of oxidant. When 75-100% excess of 
chloramine-T was used, oxidation was complete within a minute in the pH range 265-5-05. 

At very low pH, chloride ion was found to affect the oxidation adversely, a larger amount of 
oxidant being used than expected from the normal stoichiometry. This clearly indicates that at low 
pH, chloride ion favours a side-reaction, presumably partial chlorination of the methyl groups, which 
entails extra consumption of oxidant. The side-reaction was observed to occur to a greater extent when 
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DMSO was added to chloramiae-T solutions than vice versa. Studies on the mechanism of the oxida- 
tion are in progress. In the pH range 2.65-5, the presence of concentrations of chloride ion up to 
@lM did not at?ect the oxidation and the product Leas exclusively dimethylsulphone. 

Recommended procedure 
Adjust to 4-4.5 the pH of the aqueous solution containing 0.2-l mmole of dimethylsulphoxide, 

using sodium acetate-acetic acid buffer. Dilute to 100-150 ml, add a known volume (--3O’k excess) 
of O~l-O~2Nchloramiae-T solution, and after a minute, add 20 ml of 10% potassium iodide solution 
followed by excess of 2M sulphuric acid. 
blank with chloramiae-T solution alone. 

Titrate the liberated iodine with thiosulphate. Run a 

equation 
The amount of DIMS0 (y) in the test solution is given by the 

y = 39.07N(V, - V*)g 

where N is the normality of the thiosulphate solution, V1 is the volume of thiosulphate consumed in 
the blank and Vz is the volume of thiosulphate used to titrate the excess of chloramine-T left over 
after the DMSO oxidation. The values obtained are accurate to within 0.5%. 

.4cknowiedgement-The authors wish to express their thanks to Prof. M. V. C. Sastri for his interest in 
the iavestieatioa. 
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Summary-A rapid and accurate method for the estimation of dimethyl- 
sulphoxide has been developed based on its oxidation to dimethvl- 
sulphone at room tempera&e by chloramine-T at pH 4-4.5. The 
effect of variables such as the uH. the mode of addition of reapents 
and the concentration of chloiidk ion on the extent and nature of 
oxidation has been studied and optimal coaditoas for analytical deter- 
mination of dimethylsulphoxide derived. 

Zusammenfassung-Eine eiafache uad schaelle Methode zur Bestimm- 
ung voa Dimethylsulfoxid wurde eatwickelt, die auf der Oxidation 
rubimethylsulfon bei Zimmertemperatur mit Chloramin T bei pH 4- 
4,5 beruht. Der EiafluD voa Umstladea wie pH, Art der Zugabe der 
Reageatiea uad Chloridkoazeatration auf Ausman und Natur der 
Oxidation wurde uatersucht und die optimalea Bediagungea zur 
aaalytischea Bestimmuag voa Dimethylsulfoxid ermittelt. 

R&urn&-On a tlaborC uae mithode rapide et prCcise pour estimer le 
dimtthylsulfoxyde, b&e sur son oxydatioa en dimtthylsulfoae B 
temperature ordiaaire par la chlorarniae T a pH 4-4,5. On a ttudit 
l’influeace de variables telles que le pH, le mode d’additioa des rtactifs 
et la concentration de l’ioa chlorure sur le degrd et la nature de I’oxy- 
datioa, et I’on en a deduit les conditions optimales pour la determiaa- 
tion analytique du dymtthylsulfoxyde. 
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Studies on metallochromic indicators-III 

Hematoxylin and hematein 

(Received 29 Aqust 1967. Accepted 11 January 1968) 

HEMATOXYLIN has been reported to be an excellent indicator for the direct EDTA titration of alu- 
miniurn,’ thorium,? zirconium,3 bismuth,3 coppe?J and vanadium(W).* It has also been found to 
form pink, violet or blue complexes with Ga3+, Ins+, Fe3+, Hg?-, Pb?+, Cd?-Zn?+, Mn?-, Ni*-, Co?+, 
Mg?+ and rare earths under suitable conditions. These chelates are less stable than the corresponding 
EDTA complexes, which, together with the sharpness of colour change, makes this dye a versatile 
complexometric indicator. Another good metallochromic indicator, unexplored as yet, is the oxi- 
dized form of hematoxylin, hematein, which behaves similarly. The present communication describes 
the conditions for its use in direct EDTA titrations, which can be classified according to the pH range 
used: (1) acetate buffers (pH l-5.5) for Th’+, Zr’+, Bi3+, AP-, VO?+, It?+, Gas+, Fe37 and Hg’-; 
(2) hexamine buffers (pH 5-7) for Pb’+, Cd”+, Zna- La3+, CesT, Nd3+, P?+, Sm3+, Gd’+ and Er3+; 
(3) pyridine buffers (pH 6.5-8.5) for Cus+, Nizi, ‘Co?+, Mn?+ and Zn?+; (4) ammonia buffers 
(pH 8.5-9.5) for Nix+, Co?+, Mn’+, Zo’+ and Mg*+. These dyes also make possible the successive 
titration of some pairs of metal ions. 

One of the metals must be bismuth, and the other AP’, Pb?+, Zo’+, Cd?+, Cu?+, La3+, CeJ+, 
P13+ Nd3* Sm3+, Gd3+ or Er3+. , , 

Taylor’ titrated EDTA (in hot solution in presence of acetate buffer) with aluminium, using 
hematoxylin as indicator. The titration was done this way round to avoid interference due to precipi- 
tation of basic aluminium acetate. However, if lactic or glycollic acid is present, basic aluminium 
acetate is not precipitated and the reverse titration is unnecessary. Furthermore, the direct titration 
under these conditions gives a sharper colour change at the end-point and is more accurate, and can 
be used for titrating Al in a mixture of cations. 

Reagents 
EXPERIMENTAL 

Bafir solutions. Prepared by mixing in appropriate volumes (I) O.lM sodium or ammonium 
acetate with O.lM nitric or acetic acid; (2) 5 % hexamine solution with O.lM nitric acid; (3) O.lM 
pyridine with O.lM acetic acid; (4) O.lM ammonium chloride with O.lM ammonia solution. The 
final pH of the buffers was checked with a pH meter. 

Indicator solutions. Ethanolic solutions (0.2%) of hematoxylin and hematein. 
l,lO-Phenanthroline solution, 0.0544. Dissolve 2.95 g of l,lO-phenanthroline in nitric acid and 

dilute to 250 ml with water. 
Lactic andglycollic acids. Used as 90% aqueous solutions. 

Procedure A-titration of single metal ions 

Mix 10 ml of -0.02M metal ion solution with an equal volume of the required buffer, add 5-6 
drops of indicator, dilute to 100 ml, and titrate with O-02M EDTA. The conditions of the titration 
and the colour change at the end-point are described in Table 1. For titration of aluminium, add 0.5 
ml of lactic or glycollic acid before pH adjustment. 

Procedure B-bismrcth and another ion 

Adjust 10 ml of sample (total metal ion concentration -O.OZM) to pH l-2 by adding 5 ml of 
acetate-nitric acid buffer. dilute to 100 ml and add 4-5 droos of indicator. Titrate the violet solution 
with 0.02M EDTA until a sharpcolourchaoge to yellow ind;cates the bismuthend-point. Raise the pH 
of the solution by adding dropwise (i) 20% ammonium acetate solution for AP+ (add 0.5 ml of lactic 
or glycollic acid before raising the pH, and titrate in hot solution), (ii) pyridine for Cu’+, (iii) 20% 
hexamine solution for other metal ions, until the colour of the indicator complex of the second metal 
ion is obtained. Titrate the second metal ion with EDTA. 

Procedure C-AI, Bi, Cu and Pb alloy 

Dissolve 2 g of alloy in nitric acid, evaporate the solution to small volume and dilute it to 1 litre. 
Take 50 ml of the sample solution and adjust the pH to I-_ 1 with 0.2&f sodium acetate. Add 5-6 

9 
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TABLE I.-EDTA TITRATIONS OF VARIOUS METAL IONS, wTH HEMATOXYLIN AND HEW,- 

TEIN As IZ;DICATORS 

Metal ion 
Temperature, Buffer 

‘C type PH Colour change 

Optimum 
range 

mg/lOO ml 

Th’- room 1* 
Bi3- room 1’ 

vo2+ 

Ga3- room 

InJ- 
AP* (In presence 

of glycollic or 
lactic acid) 

Pb2+ 
ZnZ+ 
Cd?7 
:Rare Earths 

room 
100” 

room 
room 
room 
room 

room 

Ni?T, Co?+ 60-70 

Mn?+, Znzr room 

Ni?+ Co?- Cd” I > , 
&??, Mn?* 

room 

Mg?- room 4 9.5 

80-90 1* 

room 1’ 

1* 

1* 
I? 

1.0 

1.5 
1.0 

4.0 

3.0 

3.5 
5.5 

5.5 
5.5 
5.5 

5.5-6.0 

6-6.5 

6.5-7.0 

7-7.5 

9.0 

Purple to 
yellow 

Pink to yellow 
Violet to 

yellow 
Violet to 

greenish yellow 
Purple to 

yellow 
Pink to yellow 
Violet to 

yellow 

Blue to yellow 
Blue to yellow 
Blue to yellow 
Blue or Blue- 

Violet to yellow 
Violet blue to 

yellowish green 
Violet to deep 

red 
Violet to 

deep red 
Violet or 

blue-violet 
to deep red 

Violet to deep 
red. 

20-50 

l-50 
0.5-100 

0.1-15 

5-50 

5-50 
5-200 

l-100 
5-100 

20-100 
5-200 

0.5-30 

5-50 

l-100 

5-100 

5-100 

* Sodium acetate. 
i Ammonium acetate. 
2 Las+, Ce3+, Pr3+, Nd3+, Sm3+, Gd3+, Era+. 

drops of indicator and titrate the violet solution with OGOlM EDTA to a yellow end-point (Bi 
content). Add a measured excessive volume of O-05MEDTA and adjust the pH of the solution to 
5-6M with hexamine. The solution turns yellow. Boil it for 5 min, cool, and titrate the excess of 
EDTA with O,OSM lead nitrate to a red-violet and end-point (sum of Al, Cu and Pb). Add 10 ml of 
l,lO-phenanthroline solution to displace EDTA from its copper complex, and titrate the liberated 
EDTA with lead nitrate solution (Cu content). 

Take a second aliquot of the sample solution and titrate the bismuth with EDTA. Add a measured 
excessive volume of O.OSMEDTA and solid ammonium fluoride (l-l.2 g) to mask aluminium. Dilute 
to 150 ml, adjust the pH to 5-6 with hexamine, and titrate the excess of EDTA at 50-60’ with O.OlM 
copper (this gives Cu + Pb). The colour change at the end-point is from reddish yellow to violet. 
Calculate the lead and aluminium by difference. 

Procedure D-Aluminium bronze 

Apply the same procedure as that described by Piibil and co-workers,’ but use hematoxylin or 
hematein instead of Xylenol Orange as indicator. 

Procedure E-Ti and Al alloy 

Dissolve 2 g of the alloy in 4M sulphuric acid. Filter off any insoluble material, ignite it, fuse it 
with potassium hydrogen sulphate in a platinum crucible, dissolve the cooled mass in water and mix 
this solution with the filtrate. Transfer the solution t6 a I-litre volumetric flask and dilute to volume 
with water. 
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To 25 ml of the sample solution add a measured excessive volume of O-05,M EDTA and dilute 
with water to about 100 ml. Adjust the pH to 55-6 with hexamine, boil for 10 min, cool to IO-15’, 
add 0.5 ml of indicator and back-titrate the excess of EDTA, slowly and with constant shaking, with 
0.05,W bismuth nitrate to a pink end-point (sum of Ti and Al). Add 1.5 ml of lactic or glycolhc acid 
(for up to 1.0 g of titanium) and adjust the pH to 55-6 with hexamine. The lactic acid displaces EDTA 
equivalent to the titanium and the solution becomes yellow. Cool the solution below 15’ and titrate 
it with 005iV bismuth nitrate to a pink-red end-point (Ti content). 

Procedure F-Al and Ni alloy 

Dissolve 1.0 g of alloy in hot nitric acid. Evaporate the solution to small volume, dilute with 200 
ml of water and boil for 10 min. Cool, transfer the solution to a 1-litre volumetric flask and dilute 
to volume with water. 

To 20 ml of sample solution add 2 ml of lactic acid (for up to 25 mg of aluminium) and 20 ml of 
40% ammonium acetate solution. Dilute to 150 ml with water, adjust the pH to 5.5-6, boil, add 0.5 
ml of indicator and titrate it hot with O.OSM EDTA to a bright yellow end-point (Ni f Al content). 
Use a magnetic stirrer to mix the solution during titration. 

To a second 20 ml aliquot add a measured excessive volume of 0.05M EDTA, about 1 g of solid 
ammonium fluoride and 10 ml of 40% ammonium acetate solution. Dilute the solution to 150 ml, 
adjust the pH to 5.5-6 and add 0.5 ml of indicator. Titrate the excess of EDTA with 0.05&f copper 
to a red-violet end-point (Ni content). 

RESULTS AND DISCUSSION 

Hematoxylin is yellow below pH 6, red between pH 6 and 7 and red-purple above pH 7, while 
hematein is yellow below pH 6 and red above pH 7. Iron(II1) and mercury(H) cannot be titrated 
owing to the gradual and indistinct change of colour at the end-point. Moreover, the reaction of 
mercury(H) with these indicators is very slow. 

The colour change at the end-point is sharper in acidic media than in alkaline (Table I). In acidic 
media, these indicators are comparable to Xylenol Orangey for accuracy and sharpness of colour 
change. Even in dilute solutions (O.OOlM) the end-points are sharp and take place with addition of 
less than one drop of titrant. In alkaline media the complete colour change at the end-point requires 
about 0.0s ml of 0Gl1M EDTA. The average error was 53-5 parts per 1000. 

In titration of bismuth no interference is found from aluminium, rare earths and a number of 
bivalent metal ions. Moreover, these ions do not form complexes with hematoxylin or hematein at 
pH l-2, so a successive determination of bismuth and one of these cations can be carried out by 
appropriate pH adjustments (Procedure B). Although thorium and zirconium can be titrated in 
presence of bivalent and tervalent metal ions without interference at pH l-2, subsequent determina- 
tion of another ion in the same solution is not possible, because thorium and zirconium block the 
indicator at pH 5-6 even in presence of EDTA, presumably on account of formation of ternary 
complexes (cJ. PiibiP). 

The results of the analysis of four aluminium alloys are given in Table II. The results are correct 
within experimental error. Chen and Li*O used lactic acid for masking titanium‘, and this has been 

TABLE II.-RESULTS OF THE ANALYSIS OF ALUMMUM ALLOYS 

Alloy 
composition, 

% % found 

Bi, 0.45 ; cu, 6.6; Bi, o-44; Cu, 6.5; 
Pb, 0.55; Al, 92.4; Pb, 050; Al, 92-6 

Al, 8.8; Cu, 85.9; Al. 9.0; Cu, 85.0; 
Fe, 2.67; Zn, 0.94; Fe, 3.1 
Mn, 0.27; Ni, I.16 

Ti, 37.70; Al, 57.43 ; Ti, 37.8; Al. 57.3 
C, 4.87 

Al, 50.0; Ni, 50.0 Al, 50.0; Ni, SO.0 
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utilized to displace EDT.A from the titanium complex. Piibill” introduced I,lO-phenanthroline for 
masking copper and other ions; this also has been utilized here in a displacement reaction. 
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Summary-The use of hematoxylin and hematein as metallochromic 
indicators in direct EDTA titration of Zf'r, Th”, Bi3-, VO’“, Gas-, 
In3+ Al37 Pbzf, Zn’+, Mn?r, Cd?+, Cu2+, Ni”-, Co?-, Mg2+, and a few 9 , 
rare earths is described. Aluminium is titrated directly in presence of 
acetate buffer, lactic or glycoliic acid being used as auxiliary complexing 
agent. Mixtures of two metal ions can be titrated if one is Bi3+ and the 
other Ala-, Pb2-, Zn2+, Cu?+, Cd’+, La’+, Ce3+, Pr3+, Nd3+, Sm3-, 
Gd”+ or Er3-. Aluminium alloys can be analysed via EDTA titrations, 
with these indicators. 

Zusammcnfassung-Der Gebrauch von Hamatoxylin und Harnatein 
als metallochrome Indikatoren bei der direkten EDTA-Titration von 
Zr’+, Th’- , Bi3+, VO?+, Ga”+, Ins+, Al3+, Pb’+, Zn?f, Mn?+, Cd?‘, 
Cu?+. Ni?+. Co?+. Me?+ und cinigcn seltenen Erden wird beschrieben. 
Aluminium wird ‘dirckt in Gege&art von Acetatpuffer titriert, wobei 
Milch- oder Glykolsaure 01s Hilfskomplexbildner dienen. Mischungen 
von zwei Metallionen konnen titriert werden, wenn das eine Bi3* und 
das andere APf, Pb2+, Zn?+, Cu?+, Cd”, La3+, Ce3+, Pr3+, Nd’+, 
Sm3-, Gd3* oder ErJ+ ist. Aluminiumlegicrungen konnen mit diesen 
Indikatoren iiber EDTA-Titrationen analysiert werden. 

Resume-On dtcrit I’emploi de I’hematoxyline et de l’hemateine 
comme indicateurs metallochromes dans les titrages directs a I’EDTA 
de Zr’+, Th’+, Bi3+, VO’f, Ga3+, Ins+, AIs+, Pb?+, Zn2+, Mn”, 
Cd’?, CLI?+, Ni?+, Co?+, Mg9- et de quelques terres rares. On titre 
I’Aluminium directement en presence de tampon acetate, les acides 
lactique ou glycolique ttant utilises comme agents complexants 
auxiliaires. On peut titrer des melanges de deux ions mttalliques si 
I’un deux est BiJ* et l’autre AIs+, Pb2-, Zn?+, Cuz-, Cd’+, Las+, Ce3-, 
Pr3+, Nd3+, S m3+, Gd3* ou Er3+. On peut analyser les alliages d’alum- 
inium par titrages EDTA avec ces indicateurs. 
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Iron complexation with 2,3-pyridinediol 

(Receiued 12 October 1967. Accepted 25 January 1965) 

O&O-DIHYDROXY compounds are known to form complexes with iron.*-5 In the present note, the 
complexation of iron(W) with a biochemically important compound, 2,3_pyridinediol, is examined. 
The compound is recommended as a sensitive and selective reagent for spectrophotometric determina- 
tion of iron. 

EXPERIMENTAL 

Reagents 

2,3_Pyridinediol was obtained from Aldrich Chemicals, and used as its light brown solution in 
ethanol. Iron(II1) perchlorate was used in solution acidified with perchloric acid. 

Spectral incest*ations 

2,3-Pyridinediol has maximum absorption at 240 and 298 m,cr, the corresponding molar absorp- 
tivities being 4.4 x 10e3 and 7.5 x 103. A mixture of iron(III) and ligand (-IO-‘M) has a colour 
varying from sky-blue to purple-red according to the acidity. The absorption maximum lies at about 
550 m/r, shifting towards lower wavelengths with decrease in acid concentration until it lies at 500 rncl 
at pH 3.5; it remains at this wavelength up to pH S.0. The intensity of the colour increases from 
pH 0 to pH 2 but remains unaltered in the pH range 4.5-7.5. In this pH range (4.5-7.5) a tenfold 
molar excess of reagent is sufficient for full development of the colour. The system obeys Beer’s law 
up to 5.0 ppm of iron and its sensitivity is 0.011 /lg/cm? for 0.001 absorbance. The composition of 
the complex at pH > 5.0 was deduced by the mole-ratio method and found to be 1:2 (Fe:ligand). 
Structure I is proposed for the complex, the 6-co-ordination of iron being supposed to be completed 

I 

by water molecules. The method of continuous variations indicated that a 1: 1 complex exists at 
higher acidity, so to avoid complications arising from the stepwise equilibria, it is best to determine 
iron with 2,3-pyridinediol at pH 45-7.5. 

The amounts of foreign ions (in ppm) tolerated in estimation of 2.0 ppm of iron at pH 5.0 are: 
Tl(1) 200, Ni 200, Co(I1) 200, Cd 200, Pb 200, Hg(II) 200, Zn 200, Mg 200, Sr, 200, Ba 200, Be 150, 
Sn(I1) 60, Sb(III) 40, Th 200, Ti(IV) 100, Zr 100, F- 200, Cl- 400, Br -400, I- 400, CH,COO- 400, 
IO,- 200, .&O,‘- 200, P0,3- 400, borate 400 and tartrate 400. Titanium and zirconium can be masked 
with sodium fluoride; Ag, Cu(II), Mn(II), Al, Cr(II), Ce(IV), V(V), U(VI), oxalate and citrate 
interfere. 

In 0.6M perchloric acid medium the 1: 1 complex obeys Beer’s law from 0.5-12.0 ppm of iron at 
550 m/r, the sensitivity being 0.039 pg/cm? for 0031 absorbance. For 5-O ppm of iron an SO-fold 
molar excess of reagent is needed. A study of interferences showed that at this acidity 500 ppm each of 
Ag, TI(I), Cu(II), Ni, Co(II), Cd, Pb, Hg(II), Zn, Mg, Sr, Mn(II), Ba, Be, Al, Tb, U(V1) and 1000 
ppm of citrate, tartrate, borate, Br- and Cl- could be tolerated, but Sn(II), Cr(III), Ti(IV), Zr, Ce(IV), 
V(V), IO,-, I-, S,O,‘- and CzO,?- cause serious interference. 

Attempts to obtain a mixed ligand complex by adding pyridine to a mixture of iron(II1) and 2,3- 
pyridinediol solutions and standin g the solution over cont. sulphuric acid in a vacuum desiccator 
yielded a deep purple solid which on analysis gave C 38.6x, H 3.4x, N 9.1x, in agreement with 
structure I (requires C 38.6 %, H 3.5 %, N 9.0 %). 
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SummarS-Iron(IIn complexation with 2.3-pyridinediol has been 
investigated with a view to ascertaining the structures of the complexes 
formed and examining the analytical potential of this biochemically 
important ligand. 

Zusammenfassung-Die komplexe Bindung von Eisen (III) mit 2,3- 
Pyridindiol wurde untersucht in Hinblick auf die Strukturen der 
gebildeten Komplexe und auf die analytischen Moglichkeiten dieses 
biochemisch wichtigen Liganden. 

Resume-On a etudie la complexation du fer(II1) avec le 2,3-pyridine- 
diol afin de determiner les structures des complexes form& et 
d’esaminer les possibilites analytiques de ce ligand biochimiquement 
important. 
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Separation of carrier-free silver from neutron-irradiated palladium 

(Received 30 Nocember 1967. Accepted 18 Jattrtary 1968) 

Irradiation of palladium in a flux of thermal neutrons results in the “direct” formation of the radio- 
active isotopes listed in Table I. (The calculated values for the induced activity are rather approxi- 
mate because of uncertainties in nuclear reaction cross-sections.) Palladium-l 11 and 11 lm decay to 

TABLE I.-SOME RELEVANT PROPERTIES ASSOCIATED WITH 

ISOTOPES PRODUCED BY (Il, 7) REACTIONS ON PALLADIUM 

Isotope Half-life Mode of decay Activity,* mc 

ra3Pd 17d EC 2 
WDPd 13.6 hr B- 400 
l”omPd 4.7 min ^J. B- 10 
l”Pd 22 min 8- 4 
lllmPd 5.5 hr YB B- <l 

* The approximate activity induced in 1 g of palladium 
irradiated in a neutron flux of 10ISn.cm-z.sec-l for 1 week. 

7.5 d silver-l 11 through the 1.2 min silver-l 1 lm. The irradiation of palladium therefore provides a 
source of carrier free-silver-l 11. (About 2 mc will accumulate under the conditions of irradiation 
given in Table I.) A day or so after the irradiation only 13.6 hr and 17 d palladium and silver-l 11 are 
expected to be present. 

Two methods are known to us for the separation of carrier-free silver from macro amounts of 
palladium. The method described by Hamilton er al.’ for cyclotron-irradiated targets in which a 
number of radioisotopes of neighbouring elements are produced, is more elaborate and lengthy 
than is necessary for the present purpose. The second method, due to Schweitzer and Nehls,2 is 
simple and rapid to perform but in our hands it gave poor recovery of silver which was not satisfactor- 
ily freed from palladium radioactivity. Part of the difficulty may arise in adjusting the solution to 
give good yields of silver in a radiocolloid form. A new method which is simple and rapid to perform 
and gives efficient separation of silver in high yield is described here. The well-known low stability 
of complexes formed by silver relative to that of those formed by palladium with complexan-type 
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reagents is made the basis of a separation on a column of commercially available ion-exchange resin 
containing iminodiacetic acid functional groups. 

EXPERIMENTAL 

Dowex chelating ion-exchange resin Al (50-100 mesh) was obtained in the sodium form from the 
J. T. Baker Chemical Co., Phillipsburg, N.J., U.S.A. Before use it was converted into the hydrogen 
form by t?.rst stirring in a beaker with several portions of ZV.fnitric acid and then completing the ex- 
change by preparing a column of the resin and washing it with the same acid. Finally the column 
was conditioned with 05M nitric acid. 

Finely divided palladium metal (e.g., sponge) of high purity was irradiated in a thermal neutron 
flux of 1.7 x 10iln.cm-*. see-’ for one week at the Atomic Enerev Research Centre, Harwell. 
England. It was then dissolved in hot concentrated nitric acid and t’;e solution evaporated to near 
dryness. The concentrate was diluted with water to give an acidity in the range 0.1-O-5lM. 

The solution prepared from the irradiated palladium was placed on a resin column and the silver 
was eluted with @1-0.5M nitric acid. A resin column 12 cm long and 0.75 cm internal diameter is 
adequate for the retention of at least 5 mg of palladium. Over 95% of the silver is eluted in one 
column volume (5.3 ml in the example quoted). Elution is complete in 2-3 column volumes. 

The silver-l 11 and palladium-109 were counted with the same counting efficiencies in solution in 
an annular type M6H Geiger-Miiller counter (TwentiethCentury Electronics Ltd., Croydon,England). 
In order to check the half-life of the silver, a sample was converted into silver iodide and counted 
over a period of 10 weeks with an end-window gas-flow proportional counter operating on a 90% 
argon/lO’k methane gas mixture. X-rays resulting from the electron capture process in the decay of 
palladium-103 were used in the detection and measurement of this isotope. 

RESULTS AND DISCUSSION 

It was concluded from batch experiments that palladium (labelled with palladium-103) in O.l- 
0.5M nitric acid is taken up equally well, to a first approximation, by the chelating resin in the 
sodium, ammonium or hydrogen form. The use of the resin in either of the first two forms, however, 
results in the presence of sodium or ammonium ions in the effluent, and these are probably less desir- 
able than hydrogen ions. The solution containing the silver eluted from a resin column in the hydro- 
gen form did not give a visible solid residue on evaporation to dryness. 

The radiochemical purity of the silver-l 11 was checked by adding carrier silver and palladium(I1) 
nitrates to a sample and separating the palladium in a chemically pure form by preci’pitation with 
dimethvlglvoxime from dilute nitric acid media. A decontamination factor (defined as the ratio of 
palladiu;‘present in the silver before and after separation) of > . 2. x loj was estimated to result 
from the ion-exchange separation. (Induced activity data given in Table I for palladium-109 and 
the text for silver-l 11, along with counting rates measured with the Geiger-Miller counter, were 
used indirectly in this calculation.) The half-life of a sample of the silver separated on the resin two 
days after the irradiation was found to be in good agreement with published values. There was no 
evidence of contamination in this sample either by palladium-109 or 103 and the silver-111 could 
account for all of the initial activity of 5 x 10’ cpm, thus providing additional evidence for a high 
degree of decontamination from palladium. 
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Canterbury, U.K. 
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Summary-The use of a chelate-forming ion-exchange resin for the 
separation of carrier-free silver-l 11 from neutron irradiated palladium 
is described. 

Zusammenfassung-Die Verwendung eines chelatbildenen Ionen- 
austauschharzes zur Abtrennung von trsgerfreiem Silber-111 aus 
neutronenbestrahltem Palladium wird beschrieben. 

Resume-On decrit l’emploi dune resine echangeuse d’ions formant 
des chelates pour la separation de I’argent-lll exempt d’entralneur du 
palladium irradid aux neutrons. 
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Correction of luminescence emission spectra by digital computer 

(Received 4 December 1967. Accepted 24 January 1967) 

IT has been recommended that all published luminescence emission spectra be corrected for the spec- 
L tral response of the detection system. - 3 This is seldom necessary in routine analysis, but is vital to 

evaluate electronic energy levels or to make valid comparisons with data from other laboratories. 
The correction process normally adopted involves reading off observed emission intensities from a 

recorded curve at a series of wavelengths and dividin g each by the appropriate, predetermined, 
correction factor. Results are then generally normalized with respect to the ma.ximum value; a 
process involving a further series of divisions. These calculations can be very time-consuming and, 
since the problem lends itself particularly well to digital processing, it is surprising that only one 
suitable p;ogram has so far been published .3 Althocgh excellent i: most respects, this program is 
rather involved and difficult for the chemist of limited comuuter exnerience to assimilate. We feel 
that the following program fulfils the need for a simple procehure wfi;ch could readily be adapted for 
individual requir%en&. 

Materials and methods 

_ _ 

EXPERIMENTAL 

The construction of the luminescence spectrophotometer used 
previously.” The detection system was calibrated with a standard 

in this work has been described 
tungsten lamp by the method of 

Parker and Rees.2 Since this laboratory is primarily concerned with the photochemical and lumin- 
escence properties of flavine systems the wavelength range covered was 490-700 m/c. Flavine mono- 
nucleotide (FMN), supplied by British Dru g Houses Ltd., was chosen for the purpose of illustration 
and used without further purification. 

Calculations were performed by an Elliott 803 Computer which employs a local form of Algal. 
The basic program reads as follows. 

ALP 267 
CORRECTION OF LUMINESCENCE EMISSION SPECTRA’ 
BEGIN REAL ARRAY S,A,B,X(l:43)’ 

REAL L’ INTEGER I’ 
L:=4 
FOR I:=1 STEP I UNTIL 43 DO 
READ S(I)’ 
WAIT’ 
FOR I: =I STEP 1 UNTIL 43 DO 
BEGIN SWITCH SS:=M’ 

READ A(I)’ 
B(1): =A(I)/S(I)’ 
IF B(I) LESS L THEN GOT0 M’ 
L: =B(l) 

M: END’ 
FOR I:=1 STEP 1 UNTIL 43 DO 
BEGIN X(I):=B(I)/L*lOO’ 

PRINT 5*1 +- 455, SAMELINE, ffS2??, ALIGNED(3,1),X(I) 
END 

END’ 

The expression ffS2?? provides a convenient format for the tabulated results and means “leave 
2 spaces.” 

RESULTS 

Curve A of Fig. 1 represents a typical recording of the fluorescence emission spectrum of FIMN. 
The correction factors (in wave number-based units) are plotted, at 5-m/d intervals, as curve S. 
Dividing the ordinates of curve A by those of curve S results in a corrected emission spectrum (B, 
not illustrated). Normalization gives the final result shown in Fig. 2 (Curve X). 
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FIG. 1 .-Curve A : Uncorrected Buorescence emission spectrum of 2.0 X lO-SM FMN 
in 0.05M phosphate buffer at pH 7.0 

Curve S: Correction data for the instrument, obtained with the aid of a standard 
tungsten lamp. 
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FIG. 2.-Corrected and normalized fluorescence emission spectrum of FMN. 

Thus, in this case, a difference of 30 rnp in the wavelength for maximum fluorescence was apparent 
between observed and corrected spectra. In addition the hint of a secondary maximum (Aobe. = 540 
mlc) and a shoulder (f.,,,. = 605 mp) disappeared upon correction. The apparent increase in 
sensitivity at 525 and above 600 rnp is due to grating anomalies in the monochrometer. 

The advantage of using the digital computer for calculation, apart from accuracy, is in the time 
taken to perform the calculation [by slide rule (15.5 min), desk calculating machine (20 min) and 
computer (3 min)]. 

DISCUSSION 

The program described treats data as arrays of 43 real numbers; there being 43 intervals of 5 rnp 
in the chosen wavelength range. In this type of treatment a fixed number of data must be supplied to 
the computer, 43 in this example. Should the entire range not be required it suffices to insert zero at 
each superfluous point on the data tape. 
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Since the correction factors, once determined, are semi-permanent in nature, it is convenient to 
attach them to the end of the program tape. At the point”WAIT” the experimental data may be fedin. 

A linear wavelength scale was chosen for simplicity since the grating monochromator employed 
has linear dispersion with respect to wavelength. The integer counter (I) takes values from 1 to 43 
which are converted into wavelengths in the print statement: %I + 485. For a different wavelength 
range and increment it is a simple matter to amend this statement and the size of the arrays. Should a 
linear energy spectrum be required the print statement could again be modified. For example”PRINT 
l/(OXMX*I + @485)” will give results in reciprocal microns. 

The present print format produces two columns of figures representing wavelength and normalized 
corrected data. It should be a relatively simple matter to employ a digital plotter to give results 
directly in graphical form or to expand the program to allow integration of emission curves for deter- 
mination of quantum yields. 

Acknowledgement-We are indebted to Professor J. H. Turnbull for his interest and to Mr. A. Bowd 
for technical assistance. 
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Summary-A simple Algol program for the correction of luminescence 
emisson spectra for instrumental variations is described. Suggestions 
are made as to how the program many be modified to suit individual 
requirements. 

Zusammenfassung-Ein einfaches ALGOL-Programm zur Korrektur 
von Lumineszenzemissionsspektren fir apparztive Einfliisse wird 
angegeben. Es werden Vorschllge gemacht, wie man das Programm 
zweckmlbig modifiziert, urn individuellen Anforderungen zu geniigen. 

R&urn&--On decrit un programme Algol simple pour corriger les 
spectres d’Cmission de luminescence des variations instrumentales. 
On apporte des suggestions sur la maniere dont le programme peut 
Ctre modifit pour convenir ii des exigences particulikres. 

REFERENCES 

1. D. M. Hercules, Science, 1957, 125, 1242. 
2. C. A. Parker and W. T. Rees, Analyst, 1960, 85, 587. 
3. H. V. Drushel, A. L. Sommers and R. C. COX Anal. Cllerrr., 1963, 35, 2166. 
4. A. Bowd, P. Byrom, J. B. Hudson and J. H. Turnbull. Pffotochem. Photobiol., in press. 



LETTER TO THE EDITOR 

Interference of the ammonium ion in Mohr’s method for the determination of chloride 

SIR, 

With reference to the article “Interference of the ammonium ion in Mohr’s method for the 
determination of chloride” in ~&nra,’ I should like to point out the following. 

Since the end of the 1950’s the theoretical approach to analytical problems has been simplified to 
a large degree by the introduction of conditional constants. Using these, it is possible, as Ringbom2~’ 
has pointed out, to make a critical evaluation of different methods of analysis, e.g., complexometric 
titration, acid-base and precipitation titration, ion-exchange, extraction, etc. It is often found that 
the correlation between the results obtained by experiment and those worked out theoretically is 
surprisingly high. 

Unfortunately, in the article mentioned, dealin, m with chloride titration according to Mohr, the 
results have not been based on mathematical calculation even though all the stability constants 
necessary for a theoretical solution of the problem are available. At an ionic strength of 0.1 the 
following constants are valid. 

Dissociation constants: pksrrr, = 9.37; pkacrc, = 6.2; [Cr,O,?-]/[HCrO,-]? = 10r.5. 

Stability constants: BAg(sIr3i = IO3 J; ~.Lg(SH3i1 = IO”‘. 

Solubility products: p.S,,ct = 9.5; pS.,e_cIc, = 11.3. 

When chloride is titrated with silver ions the relative error is 

&ei = ([Ag+],,d - [Cl-lend)/& 

where Cc, equals the total concentration of chloride in the solution and [Ag+lend and [Cl-lend are 
the concentrations of silver and chloride ions at the end-point of the titration. If chromate with a total 
concentration of CcroI is chosen as the indicator, and the pH value of the solution is approximately 
7.2, then the formatton of HCrO,- ions may be ignored and the concentration of silver ions at the 
end-point will be 

[Ag’l end = 4&g2Cr0.,/CCr04. 

The solubility product of silver chloride then decides the value of [C1-]end and it is found that 

w-1 end = &go/tAg+]end = s,gC,~~C~O,/~,g,C~O,. 

The formulae given above can be used to work out the error when titrating chlorides, if all interfering 
side-reactions, e.g., the influence of ammonium ions, can be ignored. However, in those cases where 
the solution contains ammonium ions and the pH value of the solution is so low that the formation 
of HCrO,- ions cannot be avoided, then the reactions affecting the final result should be taken into 
account by use of a conditional solubility product. 
introducing suitable coefficients, the ti-coefficients.“~3 

Side-reactions may be taken into account by 

The following conditional solubility products may be used: 

S’ A8Cl = zlglxH1) lecl S 

S’ * 

kvhere 
Ag#O, = aiglSH,l S dg?CrO, 

e&lsxII - - 1 + INHJBagcxa,, i tNJ--LlaB~gm3~Z. 

The COnStantS pAg(SR3) and /7AB(SHI,Z are the overall stability constants for the two silver ammine 
complexes. It should be noted that in calculating CX.,~(S~,~, the fact that the ammonium ion dissociates 
should also be borne in mind, i.e., 

N-L1 = C.VH~/~*SH~~H, 
717 



713 Letter to the editor 

where CJHJ equals the total concentration of ammonium ion in the solution and zs-83fX(1 = 1 7 
[H,0-1109~37. 

-Thd general expression for the error in the analysis will then be 

In their work,’ Black and Waters used an indicator consisting of a mixture of chromate and dichro- 
mate and in each titration added 20 drops of a solution containing 4.2 g of potassium chromate and 
0.7 g of potassium dichromate per 100 ml of water. Takin, u into account the fact that the rotal volume 
used in each titration is 60 ml and that the pH value of the solution is approx. 6.7, the concentration of 
chromate ions in the solution, i.e., the concentration which decides the value of [Ag&,d, can be 
calculated. The concentration of dichromate ions may be ignored in this case and it is found that 
[CrOl?-] - lo-? j. The total amount of chloride in the solution is 30.-l mg, which corresponds to 
Cc, = 10-“sS. When these values are introduced into the expression above, the relative error is found 
to be 

,Frel = -Q,~~,,~O-“~= - 10-3.‘” 

In Table I, the error has been calculated for the amounts of ammonium nitrate referred to in the 
article. The errors are always positive. 

TABLE I.-ESTIMATION OF ERROR IN TITRATION WHEN [CrO,?-) = iO-2'j 

AND CcI = 10-"" 

NH ,NO, 
added, g pCwJ pH 

Error, 7; 

cals. espt. 

0.1 1.62 6.75 0.05 0.3 0 
0.3 I.15 6.79 0.47 0.8 0.3 
0.6 0.64 6.72 0.65 1.3 1.0 
1.0 0.62 6.61 0.80 1.S 1.7 
1.5 0.45 6.61 1.08 3.4 3.0 
2.0 0.32 6.60 1.29 5.5 3.3 

From this table it is clear that the error obtained by experiment agrees as well as can be expected with 
that obtained by theoretical calculation. When the concentration of ammonium ions rises the ionic 
strength of the solution is influenced and this in turn affects the values of the constatis given above. 
Corrections for the coastants dependin g on the ionic strength of the solution have not yet been 
worked out but they would only influence the results to a very slight degree. 

It is, then, easy to calculate the error in analysis under different experimental conditions and, by 
varying the acidity of the solution and the amount of chromate, to arrive at the best conditions. 

The conditions suggested by the authors of the article do not represent the optimum. In Table II 
the theoretical error when 2 g of ammonium nitrate are used in the analysis (viz., last line of Table I) 
has been calculated for various values of the acidity of the solution and the amount of chromate added. 
Also included in the table is the degree of error obtained by experiment under these conditions. 

TABLE II.-THEORETICAL AND EXPERIMENTAL ERROR OBTAISED WHEN TITRATIXG 

CHLORIDE WITH SILVER NITRATE IN THE PRESENCE OF 'g OF NH,NO, 

Error, :/, 
Total concentration 

of chromate, M pH 6.6 pH 6.4 pH 6.2 
talc. expt. talc. expt. talc. expt. 

,O-?‘.I 6.1 6.9 2.9 4.4 1.5 1.9 
lo-?‘? 4.7 4.6 2.5 3.6 1.3 1.5 
lo-?.’ 3.7 3.8 1.9 2.2 1.0 1.3 

Volume of solution 60 ml; C,, = 10-‘.dS; experimental errors are means of 
three titrations. 
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An increase of the acidity of the solution and in the amount of chromate has a favourable influence 
on the result. No effect of the increased concentration of chromate on the colour of the precipitate 
was observed. 

From what has been said it is shown that on the basis of theoretical calculation it is possible to 
obtain the best conditions for an experiment, i.e., 
approach should always be carried out, 

to improve the accuracy of analysis. Such an 
if possible, when dealing with analytical problems. One 

condition for this, however, is that the stability constants for the different reactions in question are 
known. 

Institute of Ana[vtical and Inor,rranic Chemistry 
_-i bo Academv 
860, Finland 
23 January 1968 

ERRKI WANNISEN 

REFERENCES 

1. J. Block and 0. B. Waters Jr., Talartfa, 1967, 14, 1130. 
2. A. Ringbom, J. C/tent. Educ., 1958, 35, 282. 
3. Idem, Complexation in Analytical Chemistry, Interscience, New York, 1963. 



Talmta. 1968, Vol. 15. pp, 721 to 733. Per~amon Press. Printed in North Ireland 

TALANTA REVIEW* 

TERNARY COMPLEXES IN ANALYTICAL CHEMISTRY 
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Summary_-Reactions between a complex AB and a third component 
C do not always proceed by a displacement mechanism governed by 
the energy difference of the chemical bonds A-B and A-C. The 
third component often becomes part of the complex, forming a mixed 
co-ordination sphere or ternary complex. The properties of this 
ternary complex ABC are not additive functions of the properties of 
AB and AC. Such reactions are important in many methods in 
analytical chemistry, particularly in photometric analysis, extractive 
separation, masking, efc. The general properties of the four basic 
types of ternary complex are reviewed and examples given. The four 
types comprise the systems (a) metal ion, electronegative l&and, 
organic base, (b) one metal ion, two different electronegative ligands, 
(c) ternary heteropoly acids, and (d) two different metal ions, one 
ligand. 

ONLY over the last 20-30 years have complex compounds begun to be widely used in 
analytical chemistry. To use a chemical reaction in analysis it is essential to know at 
least the equation for the interaction, and the binding energy between the components. 
Therefore the extent of knowledge about these two factors may define the scientific 
level of any section of analytical chemistry. 

In the reference tables in the first edition (1938) of the well-known book by 
Latimer,l there were about 400 redox potentials, 200 solubility products and 150 
dissociation constants for acids and bases, but only about 40 equilibrium constants 
for complexes, and most of these were concerned with metals such as silver and 
mercury and ligands such as halides and ammonia. In the preface to the first edition 
of his book on photometric analysis, Sandel12 wrote that he felt very disturbed when 
he compared the wide application of calorimetric methods with the state of knowledge 
about those reactions on which the methods were based. 

Over the past 2G30 years our knowledge of the chemistry of complex formation 
in solutions has developed tremendously. One of the main reasons for this was the 
development of new aspects of chemical technology, which demanded new methods 
of separating complex mixtures of elements, and methods for analysing semi- 
conductor, radioactive, high-temperature resistant, and other materials. It was soon 
established that separation methods, important in technology and science, e.g., solvent 
extraction and ion-exchange, were closely connected with complex formation equi- 
libria. The use of organic reagents for precipitation, masking and titration was also a 
practical application of the chemistry of complex compounds. Photometric methods 

l For copies of this review see Publisher’s advertisement near the end of thii issue. 
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of analysis are almost all based on the chemistry of coloured complexes. Complex 
formation is also very important in polarography, amperometric titration, coulometry, 
etc. It is obvious that complex compounds are also important in biochemistry, 
particularly in the chemistry of enzymes, in homogeneous catalysis, and in many 
other fields. 

All these factors have led to an intense development of equilibrium studies on 
solutions of complexes. Today, the composition of successively formed complexes 
and values of the stepwise stability constants have been established for the majority 
of metals and for many important ligands. Some time ago it might have been thought 
that solution of this part of the problem was nearing completion. It was assumed that 
it was possible to study each two-component metal-ligand system; if the composition 
and the constants were known, then the most favourable conditions for formation 
could be calculated. It was also assumed that it was easy to calculate the interaction 
between a given complex and a third component which could bind either the ligand or 
the central ion of the complex. For example, it was accepted that it was possible to 
calculate the equilibrium between the coloured titanium(W) peroxide complex and 
oxalate ions, from the stability constants for the systems Ti02+-H,O, and Ti02+- 
C2042-, and the dissociation constants for hydrogen peroxide and oxalic acid. By 
analogy with other types of reactions between three components, e.g., precipitation, 
it was accepted that the interaction was a competitive displacement of peroxide by 
oxalate to yield titanyl oxalate and hydrogen peroxide. 

Mathematical difficulties which sometimes arise in such calculations, in particular 
because of the overlap of the stepwise equilibria, are merely technical and can be 
overcome by using computers or calculating machines, and sometimes some simplifi- 
cations of the equations. 

It turned out, however, that the reaction mechanism often does not conform to 
that of a simple metathesis and the reaction products have new properties which were 
quite impossible to foresee. Many researchers’ work shows that the interaction of 
these components, two of which can replace each other, is more complicated than the 
simple reaction (l), resulting in a ternary complex, which may be of several types. 
That is, we do not always have a competitive displacement 

AB+C+AC+B, (1) 

but AB+C+ABC (2) 

The properties of the ternary compound differ from those of each of the possible 
binary compounds AB and AC, which can often exist separately. For a reaction of 
type (1) the system has additive properties at any position of the equilibrium and its 
absorption spectrum, redox potential and other properties can be calculated from the 
data for the binary compounds AB and AC; the relative amounts of the two complexes 
may be calculated from their stability constants and the total (“analytical”) concentra- 
tions of B and C. For equilibria of type (2), on the other hand, the system is non- 
additive since the ternary compound ABC has properties which are not the sum of the 
properties of the equivalent concentrations of AB and AC. For this reason, the name 
mixed complexes is less correct than the name triple complexes, because the properties 
of a mixture would be additive. 

If the reaction went according to scheme (1) it would be expected that when oxalate 
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was introduced the spectral absorption band of the titanium(IV)-peroxide complex 
would gradually weaken but remain at the same wavelength of maximum absorption 
constant; the absorbance is indeed reduced, but the absorption peak shifts to shorter 
wavelengths. Similarly, the interaction of the blue copper(pyridine complex with 
salicylate anions (Sal%), might be expected to lead to the green copper salicylate 
according to the reaction 

[CUW . py~l + SaP = CuSal + 2py. 

However, in a mixture containing copper( pyridine and salicylate, a blue 
complex forms which has an absorption spectrum different from that of either binary 
compound and has a significantly higher molar absorptivity than either. What is more, 
the compound forming in the three-component system has many other properties 
which differ from those of either of the binary complexes. Thus the pyridine-copper 
and copper+alicylate complexes are not extracted by chloroform, but the product of 
the three-component system is easily extracted by chloroform. The composition of 
this compound, depending on the conditions, fits the formulae [Cu . py,]Sal or 
[CuSal2-1.21~~. H+]. 

There are examples of still more complicated relationships between binary and 
ternary systems. For example, iron(II1) forms a yellow complex with EDTA over a 
wide range of pH, but does not generally form stable complex compounds with 
hydrogen peroxide in aqueous solutions, yet in a mixture of iron(III), hydrogen 
peroxide and EDTA, as is well-known, a violet complex forms at pH 1O.4 

At first such cases seemed the exception, but with the passing of time it became 
clear that there were many of these occurrences, and in some systems they were not 
the exception but the rule. The ternary complex may contain one metal and two 
different ligands, or one ligand and two different metals and can be said to have a 
mixed co-ordination sphere. It should be noted in passing that compounds such as 
KFe(SCN), or K,Fe(CN), cannot possibly be considered as ternary complexes, as is 
sometimes thought, since in an aqueous solution potassium ions do not enter the 
complex groups, but are dissociated to leave the binary complex anions Fe(SCN), 
and Fe(CN),“- respectively; X-ray analysis of the structure of the solids confirms 
that the potassium ions are not involved in complex formation. 

The existence of complexes with a mixed co-ordination zone has long been known 
for many platinum, cobalt(II1) and some other metal ions. However, the interaction 
in complexes of platinum or cobalt(II1) is governed, in the main, by kinetic factors, 
and not by the thermodynamic stability. It is sufficient here to recall that for complexes 
of these metals cis- and truns-isomers often form, although the first are usually 
thermodynamically unstable and this is contrary to the usual pattern for equilibrium 
reactions of metal ions. It is accounted for by the kinetic slowness of reaction of these 
complexes, this inertness being conferred by the electronic configuration of the metal 
ions and by the reaction mechanisms concerned. With labile complexes the kinetics 
of the dynamic equilibrium are no longer a factor and the formation and reactivity of 
a complex are determined by the thermodynamic stability of the complex, i.e., by the 
free energy change in the reaction. 

This explains why in many cases there is a reaction of type (1) during the interac- 
tion of the three reacting components. Some researcher@ draw attention to the fact 
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that reactions of type (1) can also lead to the formation of complexes with a mixed 
co-ordination sphere. Thus, for example, the stepwise formation of thiocyanate 
complexes of iron represents essentially competition of the two ligands HsO and SCN- 
in the primary co-ordination sphere [Fe(H,O),(SCN),,](“-s). The formation of 
such compounds is, however, still not typical of ternary complexes, since the properties 
such as absorption spectrum and redox potential can to a considerable extent be 
calculated by the laws of additivity. 

At the same time thermodynamics do not prohibit the formation of a mixed co- 
ordination sphere with properties not governed by addivity. It is also in general 
possible for a ternary compound ABC to dissociate into species other than those from 
which it was formed: 

2AB + 2C G+ 2ABC + AB2 + AC,. (4) 

The direction of reaction (4) depends on the properties of the central atom and ligands, 
on the solvent, etc. 

The formation of stable ternary complexes is observed particularly often for high- 
valence elements. At the present time there are plenty of facts available about ternary 
compounds.6 The properties of four of the most important groups of ternary 
complexes and their significance for analytical chemistry are examined briefly below. 

SYSTEM METAL ION, ELECTRONEGATIVE LIGAND, ORGANIC BASE 

Ternary compounds of this type are the most well-known and are widely used. A 
typical example has already been quoted-the copper-pyridine-salicylate system. 
Over a certain range of concentrations the equilibria in this system can be explained in 
terms of the triangular composition [CP], [py], [SaP-1. If, as usual for fusion or 
solution systems, a property of the solution, e.g., absorbance, is plotted perpendicular 
to the frame of the triangle, then a maximum on the surface indicates the formation of 
a ternary compound and gives its composition. In the case cited the compound can be 
examined8 as a pseudo-binary complex in the systems [Cuw . py2]-Sal” or [CuSal]-py 
in exactly the same way as for ternary fusion systems. 

A more detailed study of similar systems for other metals and in wide ranges of 
concentration and pH shows that compounds with similar properties, but which differ 
structurally, can be formed. As a rule the formation of a series of intermediate 
compounds is observed, of which the extremes are, for example, the following: 
[CuSal,“] .2[pyH+], [Cupy, . Sa1,2-] and [Cu . py2 . Sal].’ Certain compounds of 
this group are, according to their composition, similar to ion-association complexes. 
For the latter, however, additivity of properties (especially absorption spectra) is 
characteristic; and for the groups of compounds named the properties are character- 
istic and not additive, and the position of the equilibrium depends on the concentration 
of all three components. 

The importance of this group of ternary complexes in analytical chemistry is very 
well-known, and therefore only brief mention of the basic applications is needed here. 

Extractive photometric methods 

These methods, for the determination of many cations which have inherent 
chromophoric properties, are based on the conjunction of an anionic metal complex 
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with an onium cation or of an anion with a cationic metal complex. As an example, 
many metals form compounds of the type: metal ion-diantipyrihnethane-thiocyan- 
ate,s e.g., titanium, vanadium, niobium, iron, cobalt. 

If the co-ordination bonds of, e.g., a metal-amine complex, predominate, ion- 
association compounds are mainly formed, in which the amine complex is the cation. 
The absorption spectrum of the ion-association compound is then similar to that of 
the metal-amine complex; e.g., complexes of metals with dipyridyl.* On the other 
hand, if the co-ordination bond between the metal ion and the electronegative ligand 
is the stronger, then the ion-association compound is an onium salt of the anionic 
metal complex, e.g., the compounds which form during the extraction of magnesium 
8-hydroquinoline complexes in the presence of amines.lO If the energies of the metal- 
amine and metal-electronegative ligand bonds are of the same order, then molecular 
compounds are formed, with a mixed co-ordination sphere. Examples are the 
pyridine-salicylate complexes mentioned earlier, or complexes of copper with EDTA 
and ammonia.‘l In such cases the absorption spectrum of the three-component 
system (ABC) often differs from the spectra of the separate binary combinations AB 
and AC. 

Photometric andfluorimetric methods 

The compounds of anionic metal complexes and basic dyes have great importance 
for photometric determination of metals which do not have inherent chromophore 
properties. For example, the most important development in the photometric deter- 
mination of antimony is based on the formation of ion-association complexes of basic 
dyes with anionic antimony chloro-complexes. la-l4 Very useful methods for borate 
and tantalum are based on extraction of the basic dye-fluorocomplex into benzene.lb17 
Similar methods have been described for thallium,l* gold,l* galliuma and other ele- 
meruse The three component reaction system is the general basis of these methods; 
the binary combinations metal-halide and dye-halide are also possible: the choice of 
organic extractant and concentration conditions are of great importance, because the 
dye-halide combination must not be extracted along with the ternary compound. 

Extractive ion-exchange systems 

The reaction between anionic metal complexes and high molecular weight organic 
bases is very important for the separation of many metals by means of anion-exchange 
resins or so-called “liquid ion-exchangers”. In the latter method the anionic complex 
is extracted with a solution of a high molecular weight amine in an inert solvent. The 
extraction method is very widely used; a typical reviewm covers hundreds of papers. 
An examination of the methods from a general point of view, based on the formation 
of ternary complexes, allows us to establish a series of general principles and to 
transfer to extraction systems the methods worked out for ion-exchange, and vice 
versa. 

The methods based on the interaction of anionic metal complexes with organic 
compounds containing oxygen, such as tributyl phosphate, high molecular weight 
alcohols, etc., are also similar to this group of reactions. A typical example is the 
formation of coloured compounds between alcohol and vanadium 8-hydroxy- 
quinolate.2s*24 The bonds between anionic metal complexes and organic compounds 



726 A. K. BABKO 

containing oxygen are relatively weak, so the spatial accessibility of the oxygen atom 
of the auxiliary l&and molecule assumes special importance.26 

Finally, the chemical reactions and extractional equilibria in these systems are 
important when the systems are used for determining the auxiliary l&and instead of the 
central metal ion. Thus, many of the important methods for determining alkaloids 
or for separating a mixture of high molecular weight bases are founded on similar 
reactions with anionic metal complexes. It is not the character of the chemical 
equilibrium that is the main difference but the requirements for the choice of organic 
solvent and conditions of acidity. 

SYSTEM METAL ION, TWO DIFFERENT ELECTRONEGATIVE LIGANDS 

Some of these systems have been known for a long time and are mentioned in 
monographs on the chemistry of complex compounds. Thus, for example, in the 
system Fe3+-SCN--Hal-, camp ounds containing both ligands are found.26 They are 
conveniently called led-ligand complexes. The change in absorbance, measured 
on a filter-type instrument, is not much different from that which can be calculated,3 
on the basis of the reaction 

Fe(SCN)i+ + nCl- Z+ FeClE+ + mSCN-. (5) 

Such equivalence of some substitution systems and ternary complex systems permits 
the use of the former as simpler equilib~um models. However, the abso~tion spectra 
show that in the case cited no simple decrease occurs in the intensity of the band 
characteristic for iron(IIl)-thiocyanate complexes, during the simultaneous intensifi- 
cation of the band corresponding to iron(III)+hloride complexes. In fact there is a 
departure from additivity, with a shift in the position of the maximum. . 

In many other reactions, especially with high-valence metals the departures from 
additivity are even more noticeable. Here the absorption spectrum of the system 
M-X-Y often differs sharply from any possible combinations of spectra of M-X and 
M-Y. 

In general there has been little work done on the equilibrium chemistry of com- 
plexes of high-valence elements. In fact, the number of reactions for which the 
thermodyna~~ equi~b~um constants are known is roughly inversely proportional 
to the square of the oxidation state of the cations concerned. Such a numeration 
process, however, does not provide reasons why the situation exists. The reasons lie 
mainly in the special features of the chemistry of high-valence elements and in the more 
complicated procedures of study consequently demanded, the two chief reasons being 
the formation of polymeric hydroxo-complexes, which drastically reduces the reac- 
tivity of these elements (cf: the review2’), and the formation of ternary complexes 
with properties differing from those of any of the binary compounds in the systems 
M-X and M-Y. 

Patrovskf2* was probably the first to notice this feature, in his studies on niobium. 
It is known that EDTA usually destroys coloured metal complexes, binding the metal 
ion in the more stable EDTA-complexes. However, if EDTA is introduced into a 
solution of the ~~hydroxy~~ene-niobium complex, the colour becomes stronger. 
Detailed research on coloured complexes of tantalum and niobium with o-dihydroxy- 
benzene (and pyrogallol etc.) shows that these reactions are connected with the forma- 
tion of ternary complexes. 29 Thus, for example, complexes of tantalum with either 
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o-dihydroxybenzene or oxalic acid absorb only in the ultraviolet, but if both ligands 
are added together a yellow complex is formed of the type 

The pyrogallol method for photometric determination of tantalum in acid medium 
is also founded on the formation of a ternary complex. No attention was usually 
paid to this because in the procedure used, tantalum and niobium pentoxides were 
fused with alkali or pyrosulphate, and the cooled melt was dissolved in water contain- 
ing tartaric or oxalic acid to prevent precipitation of the metal hydroxides. It has now 
been established that these acids also play the role of auxiliary ligand during the forma- 
tion of the coloured complexes. 

Not long ago niobium and tantalum were still thought of as elements which scarcely 
reacted with the usual metallochromic indicators. However, in recent years it has 
been made clearao-34 that niobium and tantalum form coloured complexes with various 
metallochromic indicators, and not only when “activators” such as hydrogen peroxide, 
EDTA, oxalic or tartaric acid, are introduced. On the other hand, these “activators’ 
often destroy the coloured complexes of many bivalent and tervalent metals. However, 
for niobium(V) and tantalum(V) these reagents play the role of auxiliary complex 
formers which destroy the polynuclear hydroxo-complexes of these quinquevalent 
metals. The activators usually prove to be small complexing agents; they are 
therefore kinetically beneficial because they quickly destroy the bonds in the polymeric 
chains of the type: 

Metallochromic indicators, Hind, contain complex-forming groups, but on 
account of the large size of the Hind molecule the rate of reaction with polymeric 
niobium or tantalum species is very low. Heating speeds up this reaction, but the 
hydrolysis is accelerated even more, and so is the almost irreversible process of 
dehydration of the polynuclear hydroxo-complexes. The role of the auxiliary ligand 
is, however, not limited to the destruction of the polynuclear species, otherwise only 
colourless complexes of ML, would be obtained, where M denotes the metal ion. On 
account of the spatial characteristics (as yet less often studied) of high-valence ions 
and various types of ligand, a coloured ternary complex compound MLInd is formed. 
Gradual displacement of the metallochromic indicator by the auxiliary ligand is 
observed only with ligands which form very strong M-L bonds (e.g., fluoride) or with 
a very large excess of the ligand.31 

It would be inconvenient to examine in detail the extensive literature on the 
analytical chemistry of niobium and tantalum, and of other high-valence elements. 
Only some general characteristics can be noted. When silver chloride is dissolved in 
ammonia or potassium cyanide, the reaction is a simple displacement, the soluble 
complex forming immediately. For high-valence metals, however, the situation is 
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different. The action of fluoride or oxalate on zirconium, niobium or tantalum 
hydroxide is more complicated. The ligand is often initially incorporated into the 
solid phase, forming a compound even less soluble than the initial hydroxide. Soluble 
complexes form only when there is a large excess of the ligand or the acidity conditions 
are favourable. In both cases the compounds which form contain two ligands-the 
hydroxyl ion and the added ligand. 

The importance of ternary complexes can also be seen from consideration of the 
history of the many attempts to work out methods for complexometric titration of 
titanium. A satisfactory solution was found only when an auxiliary complex-former- 
hydrogen peroxide-was introduced. Many other examples can be quoted of the 
formation of ternary complexes containing the metal ion and two different electro- 
negative ligands . Thus, the uranyl ion is precipitated by the action of hydrogen 
peroxide in alkaline medium, and it forms a weakly coloured complex with carbonate; 
use of both peroxide and carbonate results in a soluble coloured compound. This 
reaction is the basis of one of the best known methods for photometric determination 
of uranium. The analytical chemistry of high-valence elements can develop only if 
attention is paid to the formation of ternary complexes. 

Similar ternary complexes probably are important in many catalytic reactions, 
acting therein as charge transfer complexes, the metal ion assisting the migration of an 
electron from the one ligand to the other. 

TERNARY HETEROPOLY COMPLEXES 

Methods of analysis based on the formation of heteropoly acids are very important, 
and for the determination of small quantities of certain elements, such as phosphorus 
or silicon, it is impossible to use any other methods. Similar compounds are also 
important in the determination of arsenic, germanium and other elements. Many 
heteropoly acids form slightly soluble salts with alkaloids and other organic bases. 
The unusual composition of these compounds long ago attracted the attention of 
chemists. As yet the co-ordination of 12 molybdenum atoms around one small hetero- 
atom (phosphorus, etc.) has not been completely settled. It is known that 4 oxygen 
atoms are distributed tetrahedrally around the central hetero-atom, and that two 
molybdenum atoms are associated with each edge of the tetrahedron, but the structural 
differences between the so-called a and ,3 forms% of the heteropoly acids have not yet 
been elucidated, though suggestions have been made.36 It may be noted in passing 
that the tendency to form heteropoly acids decreases with increase in size of the central 
hetero-atom. Thus, antimony, tantalum and bismuth do not form such complex 
compounds although they have d-electrons and in general are more inclined to form 
complexes than are silicon and phosphorus. 

It is known from X-ray work that the co-ordination number of phosphorus in 
phosphomolybdic acid is 4, so if the molybdenum is regarded as forming trimeric 
groups the formula is written H,P(Mo,O,,),. However, these facts, like many others 
about the structure of solid substances, do little to explain the properties of compounds 
in solution. First of all, the study of the structure of sexivalent molybdenum species 
in solution does not verify the formation of trimers. The X-ray work shows that each 
molybdenum atom is co-ordinated to 6 oxygen atoms and that the central PO, group 
is an integral and necessary part of the structure. Next, the X-ray evidence does not 
explain why one phosphorus atom essentially changes the optical properties of all 12 
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molybdenum atoms; the absorption spectrum of the phosphomolybdate is determined 
by the shift of the absorption band of molybdate. Further, a significant change in the 
properties is apparent; ammonium phosphate and molybdate are, separately, highly 
soluble in water, whereas ammonium phosphomolybdate is but slightly soluble. 
Finally, a strong chemical interaction between the central atom and the molybdate is 
corroborated by the great difference in stability of the phosphorus, silicon and arsenic 
compounds. X-Ray data give the arrangement of the atoms in the crystal lattice, but 
do not explain the character of the chemical bond between the components of the 
complex. 

It is knowna that the formation of phosphomolybdic acid is very far from being 
complete unless the equilibrium is shifted by removal of the product either by reduc- 
tion or further complexation with, e.g., acetone. Therefore it might be expected that 
any species able to bind phosphate or molybdate would destroy phosphomolybdic 
acid. Thus it would come as no surprise if the addition of niobium to a phospho- 
molybdate led to its decomposition with the formation of a slightly soluble niobium 
phosphate or molybdate. On the contrary, however, a ternary niobium-phosphate- 
molybdate complexs8~se is formed. A similar process occurs in the phosphate- 
molybdate-vanadate systems,- and phosphat+titanium-molybdate” systems, etc. 
These complexes absorb light more intensely than the simple phosphomolybdic acid 
in the visible part of the spectrum. These ternary heteropoly acids are also charac- 
terized by stability over a wider pH range and for their complete formation a smaller 
excess of molybdate is needed. The individuality of such complexes is verified by the 
fact that they can be separated from phosphomolybdic acid by extracting the latter 
with butanol. 

The use of such ternary complexes in analysis is of interest because of their high 
specificity for titanium and niobium determination. 

SYSTEM ONE LIGAND, TWO DIFFERENT METALS 

Compounds of this group have been much less studied, because of experimental 
difficulties. Nevertheless there is no doubt that they are often formed. No fewer than 
three sub-groups of such ternary complexes can be noted: (a) polymeric groups in 
which two different metals are bound through a oxygen atom or bound by chelating 

% reagents, with the chelate groups considerably dist nt from each other, (b) compounds 
containing two atoms of one metal in different oxidation states, and (c) compounds 
containing the so-called “outer-zone bond”, in which the properties of the metal 
inside the co-ordination zone depend on the nature of the metal outside the co- 
ordination zone. 

The existence and importance of the first sub-group are very well-known. Thus, 
in the analytical chemistry of tantalum, niobium and titanium there are well-known 
facts for which the term “loss of individuality” is used. This phenomenon consists of 
the fact that the behaviour of the elements is different when they occur together from 
what it is when they occur separately, which greatly hinders their separation.- The 
reason for “the loss of individuality” seems likely to be as follows. Study of the rate 
of dialysis and other properties of the ions of the high-valence elements shows, for 
example, that in a chloride solution niobium exists as monomeric species only at con- 
centrations of hydrochloric acid > 10M,47 and that tantalum occurs as polynuclear 
hydroxo-complexes even in concentrated hydrochloric acid.& The reactivity of 
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tantalum and niobium is sharply reduced in the absence of auxiliary complex& 
agents.49 The state and reactivity of many high-valence elements change drastically 
with the age of the solutions. If a mixture of solutions of such elements is allowed to 
stand, polynuclear hydroxo- and oxo-complexes form, containing more than one 
element, catenated by the oxygen atoms. 

It is kn~wr?‘~ that in the presence of tantalum the formation of the coloured 
niobium thiocyanate complex is incomplete; however, if the polymeric tantalum 
species are added to a solution of niobium thiocyanate prepared in advance, the 
colour does not diminish. 

In some cases the formation of mixed polynuclear species can prove useful. 
Zirconium, for example, reacts feebly with metallochromic indicators if an initially 
strongly acid solution is neutralized with ammonia, and then adjusted with acid to the 
optimum pH. This effect can be eliminated by addition of aluminium salts before 
neutralization of the solution .51 Apparently in the first case inert polynuclear zir- 
conium species form, the M-O-M bonds in which are only slowly broken by the 
protons added; in the presence of aluminium mixed polymers form, containing 
chains of Al-O-Zr units, the bonds in which are more readily attacked by protons. 

The formation of polynuclear species of high-valence elements is important not 
only for aqueous solutions, but also for solutions in anhydrous acetic acid.62 

Probably similar structures and properties are to be found in complexes of metals 
with organic reagents in which the chelating groups are located far away from each 
other. Such reagents are widely used and research is being done on them,“*64 although 
the reaction mechanism and the character of the compounds has so far been but little 
studied. It has been repeatedly noted, that for spatial reasons a single metal atom 
cannot form a chelate with all the bonding groups of a reagent if these are too far 
separated, as for example, in Methylthymol Blue, even though they are as strongly 
complex-forming as the iminodiacetic acid group. 65 A high-valence element can bind 
the separate “ends” of two molecules of a chelate reagent, forming a chelate polymer.66 
The formation of such polymers has been shown for Methylthymol Blue.57 The in- 
clusion of different metals in one chain is also possible, i.e., the formation of ternary 
complexes. According to the findings from the absorption spectra, similar phenomena 
are observed even for tartrate complexes, since the molecule of tartaric acid can bind 
two metals separately through its pairs of carboxyl and hydroxyl groups. Thus, it is 
know@ that the absorption spectrum of a copper tartrate complex changes in the 
presence of aluminium. 

A similar effect is observed for the system magnesium, Titan Yellow, iron(III). 
The addition of tartrate does not hinder the magnesium reaction with Titan Yellow, 
and iron(II1) in the presence of tartrate does not itself react with Titan Yellow. 
However, if Titan Yellow and alkali are added to a mixture of magnesium, iron and 
tartrate, the reaction with magnesium is not observed.59 

Several instances of formation of ternary complexes of one ligand with different 
metals are well-known, particularly for many reactions of tin(I1). It is known that 
iron(II1) dimethylglyoximate obtained in the usual conditions decomposes at pH (4. 
However, if tin(I1) is introduced during the formation of this complex, a more stable 
complex forms which has a different absorption spectrum. Tin(H) alone does not 
form complexes with dimethylglyoxime in the given conditions, and tin is not precipi- 
tated from the ternary complex even by hydrogen sulphideGo A similar ternary 
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complex forms during the interaction of tin(II), molybdenum and dimethylglyoxime,61 
and also in the corresponding rhenium system.62 

Ternary complexes containing two different oxidation states of one metal are very 
interesting in photometric analysis. It is known that such compounds are usually 
intensely coloured, e.g., Prussian blue and molybdenum blue. This property was 
reported long ago in the first works on the colour theory of inorganic compounds.B3*B4 
The high colour of such compounds was explained by the ready oscillation of an 
electron between two identical atoms in the same molecule (“inorganic quinhydrones”). 
Nowadays, this is explained by the fact that within the boundaries of the one molecule 
the ionization potential of the lower oxidation state is almost equal to the electron 
a&&y of the higher oxidation state. Therefore the electron is easily transferred even 
by low energy quanta in the visible part of the spectrum.66 It is also known that a 
mixture of ter- and quadrivalent titanium in a solution is of a more intense colour than 
tervalent titanium alone. There are also reports of non-additivity of the absorption 
spectra of a mixture of chlorides of ter- and quinquevalent antimony,ss bi- and 
quadrivalent tin,B’ and bi- and quadrivalent palladium.Bs 

Finally, during photometric determinations, and even during separations by 
extraction, there may be a significant influence of metals which apparently do not 
enter the co-ordination zone, i.e., they do not form complexes under the given 
conditions, but they influence the absorption spectra and the reactivity of the other 
complexes. Many of the recorded facts show that this influence is specific and in no 
way can it be considered as due to changes in the ionic strength of the solution. Thus 
the extraction of a thiocyanate complex of iron changes remarkably according to 
which of the univalent alkaline metals is used in the base electrolyte.6s Further, in the 
thiocyanate method for molybdenum, any iron(II1) is reduced, and though bivalent 
iron does not itself react with thiocyanate the absorption spectrum of the molybdenum 
thiocyanate complex is noticeably changed in the presence of bivalent iron,‘O and also 
in the presence of some other ions. 

R&xmt6-Lea reactions entre un complexe AB et un troisieme con- 
stituant C ne pro&dent pas toujours par un mecanisme de d&placement 
regi par la difference d’energie des liasons chimiques A-B et A-C. 
Le troisieme constituant devient souvent partie du complexe, formant 
une sphere de coordination mixte ou un complexe ternaire. Les 
prop&b de ce complexe temaire ABC ne so& pas des fonctions 
additives des nronrietes de AB et AC. De telles reactions sont 
importantes d&s- de nombreuses methodes en chimie analytique, 
particulibrement en analyse photometrique, separation par extraction, 
dissimulation, etc. . . On passe en revue les proprietb g6nerales des 
quatre types fondamentaux de complexes ternaires et domre des 
exemples. Lcs quatre types comprement les systemes (a) ion mttal- 
lique, ligand &ctrontgatif, base organique., (b) un ion metallique, 
deux ligands tlectronegatifs differents, (c) Mteropolyacides ternaires 
et (d) deux ions m6tallique.s differents, un ligand. 

Zusammenfassung-Reaktionen xwischen einem Komplex AB und 
einer dritten Komponente C verlaufen nicht immer tiber eine Verd- 
r+inaungs-reaktion. die durch die Energiedifferenx der Bindungen 
A-% &d A-C beherrscht wird. Oft wird die dritte Komponente%in 
Teil des Komdexes: es bildet sich eine aemischte Koordinationssnh2re 
oder ein teinlrer Komplex. Die &enschaften dieses te&ren 
Komplexes ABC sind keine additiven Funktionen der Eigenschaften 
von AB und AC. Solche Reaktionen sind bei vielen Methoden der 
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analytischen Chemie wichtig, besonders bei der photometrischen 
Anaiyse, der extraktiven Tremmng, der Maskierung usw. Es wird eine 
Ubersicht tiber die allgemeinen Eigenschaften der vier Grundtypen 
terntier Komplexe gegeben und Beispiele vorgestellt. Die vier Typen 
umfassen die Systeme: (a) Metallion, elektronegativer L&and, 
organische Base; (b) ein Metallion, zwei verschiedene elektronegative 
Liganden; (c) tern&e Heteropolysfhtren; (d) zwei verschiedene 
Metallionen, ein Ligand. 
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Summary-Redox and anion-exchange columns have been used to sep- 
arate and determine iron, nickel, chromium and vanadium in solution. 
The anion-exchange columns provide some of the separations, and 
the redox columns are used for the determination of the iron, chromium 
and vanadium. The chromium and vanadium may be determined 
in the presence of the iron by adjustment of the acidity in the redox 
column. By using a column “memory” technique, titration of the 
actual metal solution has been avoided. The method shows some 
advantages over conventional methods. 

INVESTIGATIONS into the formation of corrosion deposits on probes inserted into 
oil-tied furnaces in power-stations resulted in a need for simple methods of analysis 
of mixtures of metals occurring in steels and fuel-oils. Typical metals occurring in 
such deposits are iron, chromium and nickel from the probe-steel, and vanadium 
and sodium from the fuel-oil. Previous studies1 on the use of redox reactions on 
columns for the analysis of metals occurring in more than one oxidation state suggested 
that, used in conjunction with ion-exchange columns, such columns could give simple 
and effective separations and determinations. 

The redox columns consist of tetrachlorohydroquinone deposited on a suitable 
inert substrate such as diatomaceous earth. Passage of an iron(II1) solution at a 
suitable pH results in reduction to iron plus the formation of an equivalent 
amount of the oxidized form, tetrachloroquinone, of the redox compound. This 
tetrachloroquinone acts as a “memory” of the iron(II1) that has passed through the 
column, and reduction with excess of ascorbic acid followed by a back-titration with 
iodine solution provides a measure of the amount of iron passed. Because the iron 
solution itself is not titrated, titration difficulties due to the presence of other metals 
are avoided. As the potentials of redox couples depend on pH and concentrations of 
complexing species, a certain degree of flexibility is provided; e.g., iron@) is reduced 
to iron(I1) in 0.03M hydrochloric acid but not in 2M hydrochloric acid (complex 
formation effect), whereas vanadium(V) and chromium(W) are reduced to vana- 
dium(W) and chromium(II1) respectively in 244 hydrochloric acid (pH effect). 

The anion-exchange separations used in this paper have been described by Kraus 
and Nelson.2 In chloride media, the chloride complexes and oxy-anions formed by 
metals are adsorbed on to anion-exchange resins to varying degrees according to the 
concentration of chloride ions present. Thus these authors report that alkali metals, 
alkaline earths, alummium(II1) and nickel(I1) are not adsorbed even in the presence 
of 12M hydrochloric acid ; vanadium(IV), chromium(II1) and manganese(I1) are 
slightly adsorbed from a 12M hydrochloric acid medium; iron and vanadium(V) 
are adsorbed but eluted when the medium is diluted to 7M hydrochloric acid, and 
iron(III) is eluted by 1M hydrochloric acid. Chromium(W) in the form of the 
oxy-anion is very strongly adsorbed and difficult to remove in chloride media. 
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The two types of column (redox and ion-exchange) have therefore been used to 
determine the composition of a solution containing iron(III), vanadium(V), chro- 
mium(VI) and nickel(U). 

Materials 

EXPERIMENTAL 

Amberlite Resin CG 400, 100-200 mesh, B.D.H. Ltd. 
C&e A, 80-120 mesh, B.D.H. Ltd. 
Tetrachlorohydroquinone, Eastman Organic Chemicals, (Kodak Ltd.). 

Preparation of redox columns 

Tetrachlorohydroquinone (15-2 g) was deposited on 5 g of diatomaceous earth (C&e A) from 
ethereal solution.lra To the paste obtained after evaporation of most of the ether were added succes- 
sive quantities of 0~03M hydrochloric acid until a smooth slurry was obtained. This slurry was 
poured into a l-cm diameter glass column fitted with a sintered disc (porosity 0) and tap, the resulting 
redox column being about 10 cm long. 

Preparation of anion-exchange columns 

Amberlite Resin CG 400, 100-200 mesh, was washed several times with distilled water and 
decanted to remove the fines. A column 5 cm in length was prepared by pouring the aqueous slurry 
into a column of 2-cm bore glass tubing into the bottom end of which was sealed a sintered glass 
disc of porosity 3. The column was conditioned by washing six times with a cycle of 2M sodium 
hydroxide, water. 2M hydrochloric acid and water. 

Neithe; fype of colk was allowed to run dry as this would allow air-bubbles to collect in the 
beds and slow the flow-rates. The columns were always conditioned before use by passage of 20-25 ml 
of the appropriate solvent (0.03M hydrochloric acid or water) used in the test solution. The columns 
were also washed through after the passage of the test solution. 

Preparation of solutions of corrosion deposits 

Corrosion deposits may be dissolved by several standard methods, e.g., 1 g of tiely ground 
deposit is mixed with 5 g of 100: 15 w/w sodium carbonate/borax mixture and fused in a platinum 
crucible. The product is then dissolved in sulphuric acid. 

Saltzmann’ has described a method for the oxidation of the metals to their highest oxidation 
states. After oxidation with potassium permanganate in dilute sulphuric acid, the excess of per- 
manganate is destroyed with 2 % sodium azide solution. 

The principles of the method are outlined diagrammatically in Fig. 1. Vanadium and chromium 
were first determined together after passage of 20 ml of solution A (plus sufficient concentrated 
hydrochloric acid to give a 2M solution) down a redox column, and washing through with 2M 
hydrochloric acid followed by distilled water. A flow-rate of approximately 30 ml/hr was used, 
care being taken that the column capacity was sufficiently high. This could be checked visually by 
observing the extent of the yellow band of tetrachloroquinone in the column. This tetrachloro- 
quinone, equivalent to the vanadium(V) and chromium(W), was then reduced by passing through the 
column an excess (20 ml) of 0-W ascorbic acid and washing it through with 20-30 ml of distilled 
water. The unreacted ascorbic acid was back-titrated with 0-W iodine solution, with starch as 
indicator. 

ChromiumWI) was then removed from 60 ml of solution A (made 0*5M in hvdrochloric acid) 
by passing it do& anion-exchange column I and washing it with 0.5M hydrochloric acid. The 
effluent was made up to 100 ml (solution B), 20 ml of which were made 2M in hydrochloric acid and 
passed down a redox column to determine the amount of vanadium(V) present. 
A The nickel was obtained free from interfering metals by passing 20 in1 of solution B (made 8M 
in hydrochloric acid) down anion-exchange column II. The nickel passed through unadsorbed, 
and a further 20-30 ml of 8M hydrochloric acid were passed through to ensure complete removal of 
the nickel. The nickel was then determined gravimetrically with dimethylglyoxime. It should be 
noted that anion-exchange columns that have been used to remove chromium should not be used 
for nickel removal because the 8M hydrochloric acid would reduce the adsorbed chromium(W) 
to chromium(II1) and then elute it, thereby contaminating the nickel. 

After the nickel removal, 20-30 ml of 4M hydrochloric acid were passed through column II 
to remove the vanadium, and this effluent was discarded because a certain amount had also emerged 
in the nickel solution. 
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Redox Column 
2MHCl 

SOLUTION A---------+ PI + [Crl 
Ni(II), CrO, V(v), Fe(III) 

~ ~%z?r” , Red~~~~~ 

Cr(VL) SOL&ON B l WI 
on column Ni(II), V(V), Fe(II1) 

Anion-exchange 
column II 
8M HCl 

1 
I 

Part of V; Fe SOL&ON 
on column Part of V, Ni -+ wi] 

4M HCl 

J 
SOLUTION F&II) 

PartofV on column 

Water 

Y Redox Column 
SOLUTION - [Fe] 

Fe(III) 0.03 M HCL 

FIG. l.-Separation and determination of Ni(II), Cr(VI), V(V) and Fe(II1). 

The iron was obtained by passing 20-30 ml of water down column II. Collection was started 
as soon as the yellow colour of the iron chloro-complex appeared through the column sinter. 
For the purpose of determining the iron concentration on a redox column it was essential that 
the acidity should not exceed 0*03M. Accordingly, the iron eluate was made slightly alkaline with 
dilute ammonia and then the brown gelatinous precipitate was just redissolved with dilute hydro- 
chloric acid so that the final acidity did not exceed 0*03M. The iron content was then determined 
by passing the solution through a redox column (conditioned with 0*03M hydrochloric acid) followed 
by reduction with ascorbic acid and back-titration with iodine solution. 

RESULTS AND DISCUSSION 

Ion-exchange column behaviour 

Nickel. A solution of nickel chloride in concentrated hydrochloric acid was 
passed through the column; the eluate was shown to contain nickel. Elution of the 
column with O-H4 hydrochloric acid gave no further nickel in the eluate, i.e., nickel 
was not adsorbed on the column. 

Chromium. Passage of a solution of potassium dichromate in 0.5M hydrochloric 
acid resulted in the complete adsorption of chromium(X). This could only be 
eluted with concentrated hydrochloric acid, which slowly reduced it to chromium(III) 
which was then eluted. 

Vanadium. Kraus and Nelson2 reported that vanadium(V) is adsorbed from 
concentrated hydrochloric acid solutions and eluted by 7M hydrochloric acid. 
The hydrochloric acid concentration of the sample solution, which after passage down 
column I is 0*5M, must therefore be increased and this could be achieved by satura- 
tion with hydrochloric acid gas. A more convenient alternative was sought by adding 
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concentrated hydrochloric acid (11 M) to the sample solution. A 1 OM acid concen- 
tration requires the addition of 100 ml of concentrated acid to 10 ml of sample 
solution but this large total volume, besides being inconvenient to handle, appeared 
to cause the elution of the vanadium (see Table I)_ Therefore a lower con~ntration of 
8M was chosen because this gave adsorption of all but a trace of the vanadium 

TABLE I.--SEPARATION OF NICKEL, VANADIUM AND IRON BY ANION-EXCHANGE 

Sample volume, ml 10 5 7.5 

Cont. HCl added, ml 100 22.5 20 

ResuItant [HCI], M 10 9 8 

Metals eluted: a, immediately Ni, V* Ni, V (trace) Ni, V (trace) 
b, by 4MHCl None V V 
c, by 03MHCl Fe Fe Fe 

* Elution of vanadium probabIy due to large volume of hydr~~ori~ acid used. 

with the minimal addition of hydrochloric acid. An interesting observation was 
made during the subsequent elution of the vanadium from the column. The use of 
7M hydrochloric acid gave a blue eluate of vanadium(IV) whereas 4M acid gave a 
yellow eluate of vanadium(V). A similar observation had been made with chromium 
in the previous section where the passage of concentrated hydrochloric acid led to 
the reduction of chro~um~V1) to chromium(I~. Strelow and Bothma also noted 
the reduction of chromium(X) on a anion-exchange column and ascribed it to reduc- 
tion by the quaternary ammonium resin. 

Iron. When solutions of iron(III) chloride in concentrated hydrochloric acid 
and in 4h4 hydrochloric acid were passed down a column there was no elution of 
iron(III) that could be detected by the addition of ammo~um thiocyanate. The 
addition of O*SM hydrochloric acid or water eluted all of the iron absorbed on the 
column. 

Separation and determination of nickel(U), chromium( VI), vanadium(V) and iron(Ill) 

The information obtained was used to devise a scheme for separating the four 
metals. Solution A was prepared by mixing Xl-ml quantities of O*lM nickel chloride, 
0*05M potassium dichromate, 0.1M ammonium vanadate and 0.1M iron(III) chloride 
and diluting to 250 ml with water. 

Then 25 ml of this solution were made 0*5M in hydrochloric acid and passed 
down a column. The first 10 ml of eluate were discarded as being the hold-up volume. 
The ~hromium(V~ was adsorbed as an orange layer. The column was washed with 
0*5M hydrochloric acid until the effluent was colourless. This eluate (total volume 
30 ml) contained nickel, vanadium and iron, and was divided into three parts for 
passage down a second column at varying hydrochloric acid concentrations. The 
details and results are given in Table I. Some vanadium passes through with the nickel, 
but does not interfere with the subsequent determination with dimethylglyoxime. 

These separation techniques were then combined with use of redox columns to 
determine the amounts of the four metals in Solution A. It has previously been 
reportedl*a that iron(II1) in 0.03M hydrochloric acid is completely reduced by a 
redox column but not at all in 2N hydrochloric acid, and that vanadium(V) and 



Redox and ion-exchange columns 739 

chromium(VI) are completely reduced in 2M hydrochloric acid. However, noinforma- 
tion was available for vanadium in 0*03M hydrochloric acid. A check experiment 
showed that ammonium vanadate is 40% reduced by passage down a redox column in 
0.03M hydrochloric acid, and so, for the determination of iron, it is essential that 
vanadium is absent. 

When solution A (made 2M in hydrochloric acid) was passed down a redox 
column, the recovery of vanadium(V) plus chromium(VI) was 0*0790-0~0848 mequiv/ 
ml, average 0.0806, expected value 0*0800. 

Table II gives results obtained for the determination of vanadium(V) after the 
removal of chromium(V) by the anion-exchange column I. These showed that a 

TABLE II.-DETERMINATION OF VANADIUM mu REMOVAL 
oFcHRohlmM 

HCl concentration used 
in chromium removal, M 

Vanadium, mequiv/ml 

Found Taken 

0.03 OO236 O-020 
0023, 
o-0225 
0.024 

o-2 O-021, o-020 
O-021 
0022 

0.5 O-020 0.020 
O-020 
0020 

_ 

concentration of at least 05M hydrochloric acid was necessary in the chromium 
removal step. Lower concentrations of chloride ion gave higher apparent vanadium 
values, i.e., not all of the chromium was being removed. 

Nickel recovery, after removal of chromium(V1) with an anion-exchange column 
and 05M hydrochloric acid and of vanadium(V) and iron(III) with the second 
anion-exchange column and 8M hydrochloric acid, ranged from 100 to 106%, 
average 103%. 

TASLE III.--ANALYSIS OF MIXTURES OF IRON, NICKEL, CHROMIUM AND VANADIUM 

Metal 
Solution I Solution II Solution III Solution IV 

Taken* Found * Taken* Found* Taken* Found* Taken* Found* 

Iron 
Nickel 

O-0833 0.0838 0.0313 0.0321 0.1459 0.1483 0.0313 0.0332 
0.0344 0.0339 0.0917 0.0923 0.0344 0.0339 0.0573 0.0581 

Chromium 00104 0.0107 0.0312 0.0318 0.0104 0.0109 OG416 O&409 
Vanadium 0.0611 0.0616 0.0204 0.0196 0.0204 0.0196 0.0815 0.0818 

* In g/100 ml of solution. 

Iron(II1) recovery by final elution with water from the second anion-exchange 
column was 98 %. 

As a further check, four solutions containing various proportions of the four 
metals were analysed. The results obtained are given in Table III. 
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ZusammenfasstmB-Zur Trennung und Bestimmung von Eisen, Nickel, 
Chrom und Vanadium in L.&sung wurden Redox- und Anionenau- 
stauschsiiulen verwendet. Die Anionenaustauschs&den ermoglichen 
einige der Trermungen, die Redoxtiulen werden xur Bestimmung von 
Eisen, Chrom und Vanadium gebraucht. Chrom und Vanadium 
kbnnen neben Eisen durch Kontrolle der Acidit& in der RedoxsB;ule 
bestimmt werden. Durch Verwendung eines Speicher-(“memory”)- 
verfahrens in der Saule wurde die Titration der MetallL%mg vermieden. 
Die Metbode xeigt Vorteile gegen ber bisher bekannten Verfahren. 

R&stun&On a utilid des colonnes redox et echangeuses d’anions pour 
s&parer et determiner le fer, le nickel, le chrome et le vanadium en solu- 
tion. Les colonnes echangeuses d’anions four&sent quelques-unes des 
separations et l’on utilise les colonnes redox pour la determination du 
fer, du chrome et du vanadium. On peut determiner le chrome et 
le vanadium en presence du fer par ajustage de l’acidite dans la colonne 
redox. En utilisant une technique de colonne “a m&moire”, on a 
&it6 le titrage de la solution reelle de m&al. La m6thode montre 
quelques avantages par rapport aux methodes ordinaires. 
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Summary_-Aqueous xenon trioxide solution has been used as the 
oxidizing agent in three precise methods of analysis for hydrogen 
peroxide. A catalytic method, which utilizes hydrogen peroxide to 
initiate the reaction between t-butanol and xenon trioxide, is described 
for determining amounts of hydrogen peroxide as low as 0.9 yg or 
36 parts per milliard (ppM). A direct spectrophotometric titration 
was found to have a lower limit of about 50 ,ug or 20 ppM. An indirect 
titrimetric method was also used to determine hydrogen peroxide in 
amounts as low as 50 ,ug with a relative standard deviation of 4% 
which decreased to 1% for amounts over 200 ,ug. 

XENON trioxide has previously been proposed for the determination of primary and 
secondary alcohols1 and certain organic acids. e Aqueous solutions of xenon trioxide 

(“xenic acid’) are strong oxidizing agents. Appelman and Malm3 have estimated 

the redox potential of the Xe(VI)-Xe(0) couple to be about +1*8 V in acidic and 
+@9 V in basic solution. It will oxidize ammonia to nitrogen, hydrogen peroxide to 
oxygen, chloride to chlorine and manganese(I1) to permanganate. Xenic acid also 
reacts readily with vie-diols to yield carbon dioxide and xenon.4 

Aqueous solutions of hydrogen peroxide in acid media are usually determined 
by titration with potassium permanganate5 or cerium(IV),6 or iodometrically’ with 
ammonium molybdate as catalyst. Recently the direct titration of hydrogen peroxide 
in alkaline bromide media has been accomplished with sodium hypoch1orite.s 

Aqueous xenon trioxide solution may also be used to determine hydrogen perox- 
ide. A catalytic method, a direct spectrophotometric titration, and an indirect titra- 
tion method are described for determining amounts of hydrogen peroxide as low as 
36 parts per milliard (ppM). 

Apparatus 

EXPERIMENTAL 

The change in absorbance of xenon trioxide at 200 rncc was measured with a Cary Model 14 
spectrophotometer. Matched quartz cells of l-cm optical path were used. A Reckman Expanded 
Scale pH Meter equipped with a saturated calomel and glass electrode was used for all pH measure- 
ments. 

Reagents 

Xenon trioxide standard solution was prepared by the hydrolysis of xenon hexatluoride. Since 
the hydrolysis by-product, hydrofluoric acid, did not interfere in the reaction, no attempt was made 

* Present address: Borg-Warner Corporation, Des Plaines, Illinois. 
t Present address: Central Michigan University, Mt. Pleasant, Michigan. 
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to remove it from the standard solution. Reagent grade chemicals were used without further puriflca- 
tion. tButano1 was purified by distillation. The hydrogen peroxide was standardized against 
sodium iodide, ammonium molybdate being used to catalyse the reaction. Standard sodium thio- 
sulphate was used for the titration of the tri-iodide resulting from this oxidation. This solution was 
also used to titrate the iodine from the oxidation of iodide by the xenon trioxide. A 5-ml semi-micro 
burette was used for all titrations. 

Procedure 
The catalytic method employed a solution of hydrogen peroxide, t-butanol and phosphate buffer 

in one beaker; xenon trioxide was added to a second beaker. Hydrogen peroxide catalysed the reac- 
tion between t-butanol and xenon trioxide. Equal amounts of potassium dihydrogen phosphate and 
potassium monohydrogen phosphate (8 x lo-*M) were added to buffer the solution to pH 7. The 
hydrogen peroxide concentration was varied from 1 x lO+‘M to 5 x 1O-6M; the initial xenon tri- 
oxide and t-butanol cpncentrations were held constant at 2.7 x 1O-4M, and 1 x 10-&M respectively. 
The volume of solution in each beaker was either 10 or 15 ml, so that on mixing, the total volume was 
exactly 25 ml. The reaction was initiated by quickly mixing the two solutions and a portion of the 
mixed solution was at once transferred to a l-cm quartz cell. The reference cell contained the same 
concentration of phosphate buffer solution. The cells were placed in the Cary 14 spectrophotometer 
and the change in absorbance of xenon trioxide at 200 rnp was recorded as a function of time. Hydro- 
gen peroxide and i-butanol do not absorb at these low concentrations. 

The spectrophotometric titration method was based on the fact that both hydrogen peroxide and 
xenon trioxide absorb at 200 mp. For this determination 2.5 ml of a solution of 8.15 x lo-‘M 
hydrogen peroxide in @08M perchloric acid was placed in a l-cm quartz cell. The reference cell 
contained the same concentration of perchloric acid. The absorbance of the peroxide was measured 
at 200 m,u. Then on addition of 509.d increments of 2.7 x 1O-sit4 XeO, the absorbance decreased to 
reach a minimum near the equivalence point. Each reading was taken after allowing 30 set for com- 
plete reaction. With excess of xenon trioxide added the absorbance increased. The intersection of 
two straight lines drawn through these points was the equivalence point. 

For the titrimetric determination, solutions were prepared by transferring aliquots of standard 
hydrogen peroxide, buffer, and excess of xenon trioxide into 50-ml Erlemneyer flasks. These solu- 
tions were diluted to 22 ml with triply distilled water. Preliminary experiments at room temperature 
were run to determine the minim&& time for complete oxidatioA of-hydrogen peroxide. After the 
reaction was complete, the solution was acidified with perchloric acid, sodium iodide was added, 
and the liberated tri-iodide titrated with standard thiosulphate solution. The amount of xenon 
trioxide consumed was equal to the difference between a blank run (no hydrogen peroxide) and the 
run with hydrogen peroxide. A plot of xenon trioxide consumed vs. hydrogen peroxide taken was 
made to determine the amount of hydrogen peroxide in an unknown solution. Regression analysis 
was used to find the intercept and slope of the resulting linear plot. 

RESULTS AND DISCUSSION 

Catalytic determination 

Aqueous xenon trioxide will not oxidize dilute solutions of t-butanol. However, 
the reaction can be initiated by the addition of hydrogen peroxide as catalyst. The time 
of initiation of the reaction (r) depends on the concentration of hydrogen peroxide 
as is shown in Fig. 1. This fact can be utilized for determining amounts of hydrogen 
peroxide as low as 0.9 lug or 36 parts per milliard. A log-log plot of hydrogen peroxide 
vs. 7 or of hydrogen peroxide against the time needed to halve the initial absorbance of 
xenon trioxide at 200 rnp gives a straight line as shown in Fig. 2. The concentration 
of hydrogen peroxide can be read directly from the log-log plot, giving the results 
as shown in Table I. The relative precision decreased from about &3 % at the higher 
concentration to about f 15 ‘A at the lower concentrations. 

This method is very sensitive to trace impurities in the solution. The halide ions 
(Cl-, Br-, I-) interfere in the determination by increasing the initiation time 
but do not reduce the precision of the method. Metal ions such as copper(I1) and 
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FIG. l.-Effect of hydrogen peroxide concentration on reaction time. 
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FIG. 2.-Determination of hydrogen peroxide by change in reaction time. 

From initiation time From half-life 

Time, min Taken ppM* Found ppM Time, min Taken, ppM Found, ppM 

1.7 360 350 2.3 360 345 
3.0 180 175 3.6 180 185 
44 108 112 5.0 108 112 

105 36 34 11.1 36 34 
_ 

l ppM = parts per milliard = parts per(American) billion = parts per lo*. 

iron(II1) increase the rate of reaction. Trace amounts of organic compounds which 
are easily oxidized by aqueous xenon trioxide also interfere in the determination. 
Phosphate, perchlorate, sulphate, fluoride and nitrate ions at low concentration 
have little effect on the catalytic determination. For precise results, the unknown 
solution should be run the same day under conditions identical to those used in 
obtaining values for known solutions. 
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FIG. 3.Spectrophotometric titration of hydrogen peroxide by xenon trioxide. 

Spectrophotometric titration 

The spectrophotometric titration was carried out by measuring the change in 
absorbance at 200 rnp as xenon trioxide was added to hydrogen peroxide. The results 
of this determination are given in Fig. 3. This method is good for determining 
hydrogen peroxide to a lower limit of about 50 ,ug or 20 ppm, as shown in Fig. 3 
where 2.04 pmole of hydrogen peroxide were taken and 2.12 ,umole were found; 
the error found was within &4 % which decreased to &2 % for amounts higher than 
120 ,ug. Higher amounts of hydrogen peroxide give a better titration curve. Titrations 
run at pH higher than 1 are not as precise because the reaction is slower. Interfering 
ions in this determination were similar to those found in the catalytic method described 
above. 

Titrimetric determination 

The results of the titrimetric determination of hydrogen peroxide with xenon 
trioxide at pH 1 are summarized in Table II. Similar results were found at pH 10. 
The rate of the reaction is pH-dependent. At pH 10 the reaction was complete in 
less than 1 min, while at pH 1 the reaction required about 5 min. In general, the larger 
the excess of xenon trioxide, the faster the reaction. 

A plot of the amount of xenon trioxide consumed against the amount of hydrogen 
peroxide taken gives a straight line which on extrapolation has intercept c and slope 
m. The values for these constants are given in the footnote to Table II. The theoretical 
intercept c should be zero, and the slope m should be equivalent to the stoichiometric 
ratio of xenon trioxide to hydrogen peroxide (1: 3) for a complete oxidation of hydro- 
gen peroxide to oxygen. The small observed deviations from the theoretical value 
may be caused by trace impurities in the water and by short-lived species of xenon in 
oxidation states lower than xenon(VI),1° such as XeO, or XeO, which can react with 
water to produce small amounts of hydrogen peroxide. 

The titrimetric method may be used to determine hydrogen peroxide in amounts 
as low as 50 ,ug, with relative standard deviation 4 %, which decreases to 1% for am- 
ounts over 200 pg. Sulphate, nitrate, phosphate and fluoride ions do not interfere. 
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T~~~~I1.-Tmuramu CDElZRMINATIONOPHYDROGRN 
PEROXIDE BY OXIDA’ITON WITH WNON TRIOXIDE 

Xenon trioxide consumed, Hydrogen Peroxide, pole 
pmole Taken Found+ 

1.72 2.57 2.57 
264 5.14 5.12 
3.59 7.71 1.75 
540 12.85 12.75 

lO*l 25.70 25.76 
1472 38.55 38.52 

* Calculated from the equation y = c + mx by least 
squares treatment of data where y is .uumole of xenon tri- 
oxide consumed and x is pmole of hydrogen peroxide taken. 
Values for c, m, and m’ (the theoretical slope for hydrogen 
Peroxide completely oxidized to oxygen) are respectively 
0.787, 0.362, and 0.333. 

Easily oxidized compounds such as alcohols, aldehydes, ketones, and organic 
acids as well as halides (I-, Br, Cl-) interfere in the determination of hydrogen per- 
oxide. However, this interference is dependent on the amount of contaminant 
present and can sometimes be overcome. As an example, the addition of chloride in an 
amount twelve times the concentration of hydrogen peroxide increased the time of 
reaction to 15 min. Higher concentration of chloride further increases the time for 
reaction. A plot of xenon trioxide used vs. hydrogen peroxide taken gave a straight 
line passing through the origin with a slope of O-336 as compared to the theoretical 
0.333. This appears to indicate a more stoichiometric reaction than without choride 
and may mean that xenon trioxide oxidized the chloride to chlorine or a higher 
oxidation state, which in turn oxidized hydrogen peroxide to oxygen. 

It was found that acetic acid did not interfere if an equivalent amount of chloride 
was added or if the acid strength was increased to 3M perchloric acid. The total 
reaction time was 60 min for chloride additions and 15 min for the determinations 
run in 3M perchloric acid. 

It was not possible to determine hydrogen peroxide in the presence of organic 
peracids, for xenon trioxide would not oxidize the peracid but the peracid interfered 
in the iodometric determination of excess of xenon trioxide. 

A direct titration of hydrogen peroxide with xenon trioxide was attempted, with 
Bromocresol Purple as a redox indicator. The titration was carried out in alkaline 
bromide media over the pH range 8-10, with sodium carbonate or sodium borate 
used as a buffer. The results were erratic and not reproducible. It appeared that 
the indicator was destructively oxidized by xenon trioxide. A more stable redox 
indicator may offer a better chance for this method. 

Acknowledgement-This work was supported in part by the National Science Foundation (NSF-GT- 
5045). 

Zusannnenfassung-WUrige Xenontrioxidlosung wurde als Oxi- 
dationsmittel bei drei genauen Methoden xur Bestimmung von 
Wasserstoffperoxid verwendet. Eine katalytische Methode wird 
beschrieben, die Wasserstoffperoxid xur Einleitung der Reaktion 
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zwischen t-Butanol und Xenontrioxid verwendet und Wasserstoff- 
peroxid-Mengen bis 0,9 ,~g oder 36 ppb zu bestimmen gestattet. 
Eine direkte spektrophotometrische Methode hatte eine untere 
Grenze von etwa 50 ,~g oder 20 ppm. AuDerdem wurde eine indirekte 
titrimetrische Methode verwendet, um Wasserstoffperoxid in Mengen 
von 50,~g mit einer relativen Standardabweichung von 4% zu 
bestimmen, die bei Mengen tiber 200 ,ug auf 1% abnimmt. 

R&xnnLGn a utilisd une solution aqueuse de trioxyde xenon comme 
agent oxydant dans trois m&odes preCises d’analyse de l’eau oxygen& 
On d&it une m&ode catalytique, qui utilise l’eau oxyg&e pour 
amorcer la reaction entre le t-butanol et le trioxyde de xenon, pour 
determiner des quamites d’eau oxygen& aussi petes que 0,9 pg ou 36 
parties par milliard @PM). On a trouve u’un titrage spectrophoto- 
metrique direct a une limite inferieure de 5 1 yg ou p.p.m. On a aussi 
utilise une methode titrimetrique indirecte pour doser l’eau oxygen&s 
en quantites aussi faibles que 50 ,og avec un &art type relatif de 4 %, qui 
s’abaisse a 1% pour des quantitls sup&ieures a200 ,ug. 

REFERENCES 

1. B. Jaselskis and J. P. Warriner, Anal. Chem., 1966,38,563. 
2. B. Jaselskis and R. H. Krueger, Talanta, 1966, 13,945. 
3. E. H. Appehnan and J. G. Malm, J. Am. Chem. Sot., 1964,86,2141. 
4. B. Jaselskis and S. Vas, ibid., 1964, 86,2078. 
5. G. E. Huckaba and F. G. Keyes, ibid., 1948,70,1640. 
6. E. C. Hurdis and H. Romeyn, Anal. Chem., 1954,26,320. 
7. G. Charlot and D. Bexier, Quantitutiue Inorganic Analysis, p. 522. Wiley, New York, 1957. 
8. W. H. McCurdy and H. F. Bell, Talantu, 1966,13,925. 
9. F. Dudley, G. Gard, and G. Cady, Znorg. Chem., 1963,2,228. 

10. E. H. Appelman and J. G. Malm, J. Am. Chem. Sot. 1964,86,2297. 



Tahta. 1968. Vol. 15. pp. 747 to 758. Per@unon Press. Printed in Northern Ireland 

APPLICATIONS OF ENZYME-CATALYSED REAC- 
TIONS IN TRACE ANALYSIS-I 

DETERMINATION OF MERCURY AND SILVER BY THEIR 

INHIBITION OF INVERTASE 

D. MEALOR? and A. TOWNWEND@ 
Chemistry Department, The University, P.O. Box 363, Birmingham 15, England 

(Received 28 November 1967. Accepted 9 March 1968) 

Summary-Procedures are described for the accurate determination 
of silver (2-10 x lo-‘M) and mercury(I1) (2-10 x 10-8M) in the 
presence of each other and of most other metals. The methods are 
based on the inhibition by these metals of invertase catalysis of the 
hydrolysis of sucrose. 

ENZYMES are very efficient catalysts; their catalytic effect can be detected when they 
are present in <10-8M concentrations. Moreover, these macromolecules are often 
influenced by equally small concentrations of metal ions, anions and organic mole- 
cules. These effects have been used for the determination of specific inhibitors for 
enzymes, such as pesticides, l but there are only a few recorded applications to the 
analysis of trace metals or simple anions. The inhibition of liver esterase by fluoride 
has been used to determine >0.004 ppm of fluoride,2 and the inhibition of xanthine 
oxidase by silver and mercury3 has been applied to their determination in solutions 
>25 x 10-‘M. Finally, the activation of isocitric dehydrogenase has been used for 
the determination of manganese, zinc, magnesium and cobalt4 at concentrations 
1 o-~-lo-sM. 

This paper describes an investigation of the effect of metal ions on the catalysis of 
the hydrolysis (inversion) of sucrose by invertase (b-fructofuranosidease). On the 
basis of the results obtained, sensitive and selective methods for the determination of 
silver and mercury have been devised. The methods are simple and relatively rapid 
and could be adapted for automated analysis. 

The enzyme 

Yeast invertase is one of the most readily available and least expensive enzymes. 
It has never been obtained in a homogeneous or crystalline form (because yeast gum, 
a polymannan, accompanies the enzyme through most purification procedures? 
and is supplied as a concentrate. It catalyses the hydrolysis only of p-fructofuranosides 
(I), of which sucrose (I, R = 1-a-glucopyranosyl) 

* ROH + 
H,OH 

t Present Address: B.P. (UK) Ltd., Epsom, Surrey. 
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is the commonest example and is the substrate used in the present studies. This 
reaction can be followed in a number of ways, but one of the simplest is to measure 
the change in optical rotation during the hydrolysis reaction. This has been used in the 
present investigation. 

Much information is available about the inhibition of invertase. Mercury(I) and 
mercury(I1) inhibit strongly at pH 4-7, and the inhibition is reversible but slow.s*r 
Silver is also a strong inhibitor; copper( cadmium, zinc and uranium(W) inhibit 
less strongly, but in each instance the inhibition is reversible and instantaneous.6*s 
Other inhibitors are organomercury compounds,’ aromatic amines, anionic sur- 
factant (at pH < 4) and iodine. lo From these previous investigations, it seemed 
likely that methods for the determination of mercury(I1) at the Kv~M level and silver 
at rather higher concentrations could be devised on the basis of their inhibition of 
invertase. 

Behaviour of invertase in the absence of inhibitors 

Before evaluating the effect of inhibitors on the enzyme, it was necessary to investi- 
gate the behaviour of the enzyme in the absence of metal ions. In all instances, the 
efficiency of the enzyme was appraised by measuring the amount of hydrolysis of a 
given amount of sucrose in a given time (usually 30 min). The effect of pH on the 
enzyme activity is shown in Fig. 1 (curve a). The maximum efficiency (Relative Acti- 
vity = l-00) occurred at pH 45 as found previously,6 but there is little change in 
efficiency between pH 4.0 and pH 5.5. The decrease in efficiency at pH > 5.5 has 
the form of a dissociation curve, and has been explained by assuming that the enzyme 
becomes inactive when certain weakly acidic groups (pK, - 7) dissociate.ll However, 
this part of the curve is independent of the substrate, which indicates that these groups 
are not involved in substrate binding.12 Certain basic groups (p& - 3) are thought 
to bind the substrate.6 The rate of sucrose hydrolysis was found to be directly prop- 
ortional to the enzyme concentration. 

Inhibition by silver ions 

The inhibiting effect of different amounts of silver ions at various pH values is 
shown in Fig. 1. Maximal inhibition relative to the activity of the free enzyme occurs 
at pH 5.5. Fig. 2 shows the variation of inhibition with silver concentration for various 
amounts of enzyme, at pH 5.5. The middle curve shows that the reaction of silver 
with the enzyme is instantaneous, because incubation of silver with the enzyme did 
not enhance the inhibition, and that it is non-competitive, i.e., the silver and the 
substrate bind at different sites on the enzyme. The absence of inhibition by < ca. 
lOAM silver is due, apparently, to the binding of silver by impurities in the enzyme 
solutions.7 This is borne out by the fact that the amounts of silver required to over- 
come this region of non-inhibition increase with increasing amount of enzyme solu- 
tion added, as is shown in Fig. 2. After this region, the curves are parallel, which 
indicates that the amount of silver bound by the enzyme is small compared with the 
amount of free silver ions present. 

As the rate of sucrose hydrolysis is directly proportional to the enzyme concentra- 
tion, the relative concentrations of enzyme in various solutions are given by the ratio 
of the hydrolysis rates in these solutions. This can also be used to estimate the relative 
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FIG. l.-Cbange in invertase activity with PH. 
(a) free enzyme; (6) enzyme + 2 x 10-6MAg+; (c) enzyme + 5 x W8MAg+. 

R.A. at pH 448 = 1X@. 
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FIG. 2.-Invertase activity at pH 5.5 as a function of Ag+ concentration. 
Enzyme used (ml): 0 0.5; 0 1.0 (incubated); x 1.0 (non-incubated); A 2.0. 
Dotted line indicates Ag+ concentration bound by impurities in 1 ml of enzyme solu- 

tion. 

concentrations of free enzyme in solutions containing silver ions, and it can readily 

be shown that 
[E](l-R.A.) = [Ag,,E]R.A. (1) 

where [E] is the concentration of free enzyme, [Ag,E] is the concentration of inhibited 
enzyme, II is the number of silver ions bound per site on the enzyme molecule and R.A. 
is the activity (reaction rate) relative to that of the uninhibited enzyme at the same pH. 
Likewise, the stability constant of the silver-enzyme site complex (K,,,J is give@ by 

K [El h$’ 
nAg = 

L%,El 

Combination of equations (1) and (2) gives 

(I-R.A.) [Ag]” -=- 
R.A. h;lAg 

(2) 
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When [Ag,E] Q [Ag], as in the present example, [Ag] in equation (3) can be replaced 
by [A& the total concentration of silver ions added. Thus a plot of log (I-R.A.)/R.A. 
against log [Aglt should give a straight line of slope n and intercept (log J&&)/n on 
the log [Ag] axis. In the present study, allowance was made for silver bound by im- 
purities so that [Aglt was the total concentration of silver added minus that bound by 
impurities. Such a plot is shown in Fig. 3, from the results in Fig. 2. The slope is 
1.97, showing that two silver ions are bound per site, as found by Myrbiick,13 and 
the value of KZAg calculated from the intercept value of 5.93 is 2 x lo-l2 mole2.1.-2, 
as compared with 1.32 x lo-l2 mole2.1.-2 found at pH 5.3 and 1 x lo-l2 at pH 5.6 
by MyrbZck13 using a purer enzyme preparation, at 30”. It should be emphasized 
that these are equilibrium constants for the proton displacement reaction:13 

2Agf + HE + H+ + Ag2E+. 

-o.4L 
6.0 5.5 

P Aq 

FIG. J.-Determination of stability of enzyme-silver complex from results in Fig. 2. 

Determination of silver 

Figure 2 shows that the enzyme (1 ml) responds most sensitively at pH 5.5 to 
silver concentrations in the range l-2 x lOaM. Furthermore, if a known amount of 
silver (l-00 x lOAM) is added to all solutions sufficient to complex with all silver- 
binding impurities present, the most sensitive range is then O-10 x lo-‘M silver. 
An almost linear calibration curve is obtained by using this procedure. Results for 
the analysis of pure silver nitrate solutions by this method are summarized in Table I. 

Inhibition by mercury(H) ions 

The variation in inhibition by different amounts of mercury(I1) acetate with pH is 
given in Fig. 4. These curves have a different shape from those for silver inhibition. 
In particular, mercury inhibits strongly at pH 4, and the enzyme is about a hundred 
times more sensitive to mercury than it is to silver. Incubating mercury with the 
enzyme (Fig. 5) showed, as expected, 13.’ that greater inhibition occurred after incuba- 
tion for 30 min before starting the hydrolysis. From these results it was also possible 
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Ag added, lo-‘M Ag found, lo-‘M 

2.0 2.1, 2.2 

3.0 2.8, 3.1, 2.8 Mean error 

5.0 4.9, 4.8, 5.0 Al.2 x lo-*M 

6.0 61, 6.2, 6.1 

8.0 8.0, 8.0 

PH 

FIG. 4.-Change in invertase activity with PH. 

(a) free enzyme; (b) enzyme + 1.2 x lo-‘M A&I,-; (c) enzyme + lo-‘M Hg(I1); 
(d) enzyme + 2 x 10-‘&f Hg(II). 

I 
OO 

I I 

2 4 

Hg concentration x IO-’ M 

FIG. 5.-Invertase activity at pH 55 as a function of Hg concentration. 

(a) Hg(I), not incubated; (b) Hg(II), not incubated; (c) Hg(I), incubated; (d) Hg(II), 
incubated. 

3 
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to calculate that inhibition was competitive. Because the amount of mercury bound 
by the enzyme is not small compared with the amount of mercury added, the number 
of mercury ions bound per enzyme site and the stability constant of the complex 
could not be calculated, as was done for silver. 

In the presence of lo-‘M mercury(II), a small increase in inhibition was caused 
by <2 x lo-‘M silver. As such a small amount of silver does not usually inhibit 
the enzyme, the silver must be complexing with impurities that compete with mercury 
for enzyme sites. 

Determination of mercury(ZZ) 

If the inhibition curve is reproducible, it should be possible to determine O-10 x 
lo-sM mercury(H) by its inhibitory effect, after incubation with the enzyme. Experi- 
ments showed that reproducible calibration curves could be obtained. Results for 
the analysis of pure mercury(I1) chloride solutions by this method are summarized in 
Table II. The results are less precise than those for silver, but it must be remembered 
that the concentrations of mercury involved are an order of magnitude less than 
those of silver. Better precision is obtained if the calibration graph is obtained 
from solutions of concentrations similar to the unknowns. 

TABLE II.--ANALYSIS OF PURE MERCURY (II) CHLORIDE SOLUTIONS 

Hg taken 1.9 2.5 34 34 4.0 5.6 5.6 64 6.4 8.5 8.5 
lo-8M 

Hg found* 2.4 2.8 3.5 3.4 41 5.8 5.3 6.7 6.1 8.6 8.6 
1O-8M 

Hg taken 5.0 5.0 5.0 5.0 
10-BM 

Hg found* 4.75 4.6 5.1 t5.2 4.75 5.15 5.2 4,9 5.1 5.3 5.05 5.2 
1O-8M 

(mean 4.8) (mean 5.1, coeff. of variation 4 %) 

* Using a calibration curve of l-10 x 10-8M mercury(I1) 
t Using a calibration curve of 4-6 x lo-*M mercury(II). 

Eflects of other cations 

Although mercury and silver are the most likely metals to be amenable to determin- 
ation in this way, a representative sample of other metal ions was also investigated 
for inhibitory or other effects on invertase. Mercury(I) is similar to, but less effective 
than mercury(II), as shown in Fig. 5. Incubation increased the inhibition. The effect 
of other cations is given in Table III. Only copper and gold gave sensitive inhibition 
effects. Inhibition by 10-5M copper was significant, but was not considered sensitive 
enough for the development of an analytical method. Gold was even more sensitive. 
The dependence of gold inhibition on pH is included in Fig. 4. Again the most sensi- 
tive inhibitory effect was at pH 5.5 although little change occurred between pH 5-5 
and 6.0. Figure 6 shows the inhibition by various amounts of gold in both incubated 
and non-incubated systems. The inhibition becomes erratic at gold concentrations, 
above 34 x 10WM and for this reason attempts to develop a method for gold were 
not continued. 

The effect of anions and thiourea 

Species that complex with silver or mercury will compete with the enzyme for 
these metals, and, if present in sufficient amounts, will counteract the inhibitory effects. 
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TABL.EIII.-E~~~~~OF OTIiERMETALIONSONINVERTASEAT pH5.5 

Ion - Au(II1) Cd Ce(IV) Co(H) Cu(I1) Gd(II1) In(II1) 
Cont., - 2.4 IhI 0.1 70 100 6.4 8 40 

PPm 
R.A. 1.00 0.60 0.51 1.00 0.61 0.70 0.25 0.95 0.80 

Ion Mn(I1) MO(W) Ni Pb Pd(I1) Sr UWII) Zn Zr(IV) 
Cont., 100 4 100 100 100 500 100 100 0.06 100 

PPm 
R.A. o-93 0.99 0.75 0.47 0.70 0.96 0.41 0.32 1.00 0.98 

Bi(III), Cr(III), Fe(H), Sn(I1) (all 100 ppm), Ta(IV) (20 ppm), Tl(I) (200 ppm) and V(IV) (50 
ppm) all gave R.A. 1.00. 

OOU 
AuCI; conccntrotion Xl6'~ 

FIO. 6.-Invertase activity at pH 5.5 as a function of AuCl,- concentration. 
(a) incubated; (6) non-incubated. 

The effects of all the common anions on the inhibition by these metals was therefore, 
investigated and the maximal concentration of each that could be tolerated in the 
determination of silver and mercury was found. These results are summarized in 
Table IV. None of these species had any effect on the activity of the free enzyme. 

TAEuIV.-MAXIMAL ANIONCONCBKPRA~ONS(~~)TOLRRARLEINTHEDETRRI+IINATIONS 

OF MERCURY(II SILVER 

Anion Cl- Br- I- F- CN- S- NO,- 

:;; 
5 x 10-h <lOA <lO-” 2 x 10-q 10-1 2 x lo-’ 2 x 10-q 
2 x 10-s 2 x 10-s <lO-’ <10-b <10-e 3 x 10-o 2 x lo-*: 

Anion SO,‘- NOI- SCN- CO*‘- PO,“- thiourea 
Ag* 2 x 10-s 2 x 10-q 2 x 10-e 2 x lo-a$ 2 x 10-q <10-a 

Teepol 
l%$ 

Hgt 2 x lo-’ 2 x 10-a: 2 x 10-S 2 x lo--8: 2 x 10-S <10-s l%$ 

* Total Ag concentration 6 x 1O-oM. 
t Hg concentration 1.25 x 10-7M. 
2 The effect of larger concentrations was not investigated. 

As expected, only small amounts of cyanide, sulphide, iodide, bromide, thiocyanate 
and thiourea could be tolerated. In fact, it is possible to use this re-activation of the 
inhibited enzyme for the determination of traces of these anions. This will be reported 
in Part II.14 Thiourea had a unique effect. It enhanced the inhibition by silver when 
present in similar concentrations to that of silver. 
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Determination of silver in the presence of mercury(ZZ) and other metals 

Mercury(I1) is the most sensitive inhibitor of invertase, and thus even very small 
concentrations will interfere in the determination of silver. Interference from -C lo-‘M 
mercury(I1) can be avoided by not incubating the enzyme with the test solution, 
because mercury is competitively and only slowly bound by the enzyme, whereas 
silver binding is instantaneous and non-competitive. For greater concentrations of 
mercury, however, it was necessary to use a masking agent as well as not incubating 
the enzyme and the metal ions. EDTA-type ligands complex mercury much more 
strongly than silver. The relative activity of the enzyme in the presence of these 
metal ions and various amounts of EDTA, nitrilotriacetic acid (NTA) and 1,2- 
diaminopropane-N,N,N’,N-tetra-acetic acid (DPTA) are given in Table V. DPTA 
(10-3M) completely overcame mercury inhibition whilst affecting that by silver least 
and experiments were carried out to determine silver in the presence of mercury, 
using 10-3M DPTA. The results are included in Table VI. The results are all slightly 
high, and not more than a five-fold excess of mercury can be tolerated. 

TABLE V.-EFFECT OF CHELATING AGENTS ONINHIBITION BY MERCURY(II) ANDSILVER 

Ligand - EDTA EDTA NTA DPTA 
Concentration - lo-hit4 lo-4M - lo-8M 10-8M 

R.A. with silver* 058 060 0.84 0.67 0.84 0.79 
R.A. with mercury* 044 0.73 1.00 0.42 0.99 1.00 

* 2 x 1O-6M. 

TABLEVI.-DETERMINATIONOFSILVERINTHE 
PRESENCEOFOTHERMETALIONS 

Cation Concentration, Ag taken, Ag found, 
added M lo-‘M lo-‘M 

10-e 3.0 3.2, 3.2, 3.1 
10-g 5.0 5.3, 5.1, 5.2 

I+@) 10-S 4.0 4.1, 4.1 
2 x 10-e 4.0 4.3, 4.2 
3 x 10-B 4.0 4.9, 5.0 

2.0 2.0, 2.2 
IJO, 4 x 10-h 5.0 5.4, 5.1 

8.0 8.0, 8.1 

3.0 3.1, 3.0 
Zn 10-k 5.0 4.9, 5.0 

7.0 7.4 7.4 

Pb 5 x 10-h 3.0 3.2, 2.9 
5.0 5.1, 4.8 
7.0 6.9, 7.1 

Cd 10-P 3.0 3.2, 3.1 
5.0 5.2, 5.1 
7.0 7.05, 7.0, 

3.0 3.0, 2.9 
Cu(I1) 10-a 5-o 4.9, 4.9 

7.0 7.1, 6.9 
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The other metal ions that inhibit the enzyme do so immediately, so that non- 
incubation would not reduce their effect. However, 10-3M DPTA should be able to 
mask all the interfering ions in Table III except for AuCl,-. Results for the deter- 
mination of silver in the presence of DPTA and other metal ions are given in Table VI. 
They confirm that silver can be determined accurately and precisely in the presence of 
at least lOO-fold excesses of copper( cadmium, lead, uranium(V1) and zinc, 
when 103M DPTA is present. DPTA did not prevent interference by AuCl,. 

Determination of mercury(II) in the presence of other cations 

There are no readily accessible ligands that bind silver much more strongly than 
mercury, so that it will not be possible to mask the effect of silver. However, if the 
enzyme-catalysed hydrolysis is carried out at pH 4.0, the inhibitory effect of silver is 
virtually eliminated, whereas that of mercury is only slightly decreased (cf. Figs. 1 and 
4). Even this slight decrease could be reduced by incubating the enzyme with the 
metal ions at pH 55, and carrying out the hydrolysis at pH 4.0. On changing the pH, 
the inhibitory effect of the other metal ions will instantaneously disappear, whereas 
that of mercury would only slowly decrease to the lesser inhibition at pH 4.0. Such a 
procedure gave a sensitivity for mercury very similar to that in Table II. A comparison 
of the effect of other ions on the final optical rotation of the solution inhibited by 
I.00 x lo-‘M mercury(I1) is given in Table VII. It shows that this concentration of 

TABLEVK-EFPECTOPOTHERIONSON THEDETERMINATION OF 10-7M 
MERCURY(II) 

Ion added - Ag Aiz Ag - Zn Pb Cd 
Cont., - 10-e 2 x 10-e 3 x 10-G - 1.5 x 10-a 5 x 10-a 9 x 19-4 
Optical 2.41 2.42, 240” 244* 2.22 2.19 2,46 1.72t 

rotation 

Ion - Cu(I1) Pb UO,(II) - Cd: Cd: Pb UWII) 
added 

Cont., M - 10-S 5 x 10-4 4 x 10-a - 5 x 10-s 5 5 x 10-J 4 x 10-S 
Optical 2.07 2.05 2.23 2.31 1.98 1.95 ; . g-5 1.96 1.97 

rotation 

* ~10.03, 9.98, 10.05.10-8M respectively. 
1_ Precipitate formed on quenching reaction with Na,CO,; sucrose co-precipitated. 
$ EDTA added to prevent precipitation with Na,CO,. 

mercury can be determined in the presence of cadmium (5 x lOaM), zinc (1.5 x 
10-3M), lead (5 x lOAM), uranium (4 x 10”‘M) and copper (10-5M), and with 
exceptional accuracy in the presence of small amounts of silver (3 x 10dM). 

Enzyme stability 

Analytical chemists, especially those concerned with inorganic analysis, have 
have never favoured the use of enzymes in analytical methods. This is probably a 
result of an in-bred feeling that the stability and purity of enzymes, and the repro- 
ducibility of their catalytic effect, are inferior to those of simpler chemicals, and that 
enzyme-catalysed reactions are too slow, and too sensitive to other chemicals that 
might be present, to be of any use in everyday inorganic analysis. The present inves- 
tigation and the work of earlier investigators, 24 however, have shown that the results 
obtained by enzymatic inhibition or enhancement are as precise as any other method of 
analysis at these low concentrations. This investigation has also shown that a host 
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of foreign ions can be tolerated, and that the longest determination need take little 
longer than an hour. Enzymes are now much more readily available and much 
purer than they were a few years ago, and even if the enzyme is not completely pure, 
the impurities need not be detrimental to its performance. Thus, only the stability 
of the enzyme needs to be established. 

The invertase used in this investigation was prepared by the dilution of a concen- 
trate. This dilute solution (in pH 5.5 buffer) lost < 5 % of its activity over 6 days at 
room temperature, although the solution became cloudy after 3-4 days. During the 
same time, a similar decrease in the sensitivity of the enzyme to silver was observed, 
but there was no change in its sensitivity to mercury(I1). 

The enzyme concentrate was stored in a stoppered bottle at 2”. When a newly 
purchased bottle was first opened, the enzyme was twice as active as the “normal” 
value claimed by the manufacturers, and was inhibited by very small (4-20 x lOaM) 
concentrations of silver at pH 4.0. This inhibition, however, only reduced the enzyme 
activity to its “normal” value. Thus this additional activity is not due to invertase. 
After a week, activity of the enzyme had become “normal”; an unopened bottle 
stored at 2” for 7 months also only had normal activity. Apart from this abnormal 
effect, two long-term deterioration effects were observed for the concentrate. First, 
there was a gradual increase in the concentration of silver binding impurities, so that 
the enzyme became increasingly less sensitive to silver. However, the slope of the 
inhibition curve was unchanged. Thus a suitable increase in the amount of silver 
added to overcome the effect of these impurities is sufficient to counteract this. Sec- 
ondly, as the concentrate aged, the dilute solution prepared from it clouded more 
rapidly. Solutions prepared from a 7-month old concentrate remained clear only for 
a day. As these long terms changes did not occur in an unopened bottle of concentrate, 
it must be assumed that they are due to aerial oxidation or to attack by aerial organ- 
isms. Thus an opened bottle stored at 2” may be used for six months. Presumably an 
unopened bottle will keep for years at 2”. 

Adsorption of mercury and silver by glassware 

A difficulty associated with all methods of determining such low concentrations 
of metal ions in solution is the adsorption of these ions on the glass apparatus used. 
Silver is particularly prone to adsorption on glass,15*la and this has recently been 
studied in detai1.l’ In the present work, no measurable adsorption of silver was 
observed in the time required for the analyses, but as a precaution all solutions were 
prepared by diluting a lOAM stock solution of silver immediately before use. 

Mercury was adsorbed onto the glassware in amounts that were appreciable when 
related to the determination of l-10 x 10-BM mercury. No adsorption was found 
to occur in the first 4 hr of contact but adsorption increased markedly after that time. 
Dilute mercury solutions were therefore prepared from a much more concentrated 
solution immediately before use. 

EXPERIMENTAL 

Chemicals 
Invertase concentrate (Hopkin and Williams) 
DPTA (Hopkin and Williams) 
All other chemicals were analytical reagent grade or of high purity, except for the acetic acid, 

sodium hydroxide and sodium carbonate, which were general purpose reagent grade. 



Applications of enzyme-catalysed reactions in trace analysis-I 757 

Solutions 

Invertuse. Concentrate (1 ml) and pH 5.5 buffer (5 ml) were diluted to 100 ml. The solution was 
discarded when it became cloudy. 

Buffer (pH 4.0 or 5.5). Acetic acid neutralized with sodium hydroxide solution to the required 
pH, so that the final total acetate concentration was 5M. 

Sucrose. A 50 % aqueous solution. 
Buflred sucrose. Sucrose (50 g) and pH 5.5 or 4.0 buffer solution (50 ml) made up to 100 ml. 
DPTA. A lo-*M aqueous solution. 
Stock silver nitrate solution, lo-*M. 

immediately before use. 
More dilute solutions were obtained by appropriate dilution 

Stock mercury solution, lo-‘M. The acetate or chloride was used. More dilute solutions were 
obtained by appropriate dilution immediately before use. 

Sodium carbonate solution, 1 M. 
Anion and cation interferences were investigated with common salts of the species. 

The hydrolysis was followed by measuring the optical rotation, [alo, after 30.0 or 60-O min at 
30”, in a lO-cm polarimeter cell. The change in optical rotation was proportional to time over the 
first 60 min of the hydrolysis. The reaction was quenched after 30 or 60 min by adding sodium car- 
bonate so that optical rotation measurements could be made some time later if desired. In the deter- 
minations of mercury and silver, it is sufficient to measure the 6nal optical rotation and to prepare 
calibration graphs from these measurements. In the investigations that led to the establishment of 
these procedures, however, it was more meaningful to measure the relative activity (R.A.) of the 
enzyme in different circumstances. This was measured by determining the change in optical rotation 
A [aln during the reaction and employing the relationship 

R.A. = 
A[alD(aiven conditiom) 

~bb(rnwt active conditiona) 

Investigations at various pH values were made with acetate buffers. The pH values recorded are 
those of the reaction solutions. 

Cation effects were measured as follows: metal ion solution (1 ml), sucrose solution (2 ml) and 
pH 5.5 buffer (1 ml) were mixed in a @ml standard Bask and diluted to 9 ml, and the flask was 
suspended in a thermostatically-controlled water-bath at 30” for 30 min. Enzyme solution (1 ml) 
was added, and the optical rotation measured after 60 min. Anion effects were measured as follows: 
anion solution (1 ml), pH 5.5 buffer (1 ml), enzyme (1 ml) and 10-4Msilver nitrate or 10-aMmercury 
(II) chloride solution (O-5 ml) were mixed in a Xl-ml standard flask and diluted to 8 ml, then incubated 
at 30” for 30 min, 
cations. 

Sucrose solution (2 ml) was added and the procedure was then the same as for the 

Determination of silver in pure solutions 

In a lO-ml standard flask mix 10-6M silver nitrate (1.00 ml)*, sample solution (5 ml), enzyme 
solution (1 ml) and water (O-5 ml). Susoend in a water-bath at 30” f 0.05”. After 30 min add DH 5-5 
buffered sucrose solution (2 ml) and d&ute to the mark. Start a stop-clock. After a further 30.2 min, 
remove 5*00 ml of the solution and add it to 5.00 ml of sodium carbonate solution. Measure the 
optical rotation of this solution when convenient. 
similarly. 

Prepare a calibration graph ( [aID vs. concentration) 

Determination of silver in the presence of interfering cations 

In a 10-ml standard flask mix together 10esM silver nitrate solution (1 ml), sample solution 
(4 ml), DPTA solution (1 ml), pH 5.5 buffered sucrose solution (2 ml) and water (1 ml). Keep at 
30” for 30 min, add enzyme (1 ml), and continue as above. Prepare a calibration curve similarly. 

Determination of mercury(U) in pure solution 

In a lO-ml standard flask mix together sample solution (5 ml), enzyme (1 ml) and pH 5.5 buffer 
(1 ml) and dilute to exactly 8 ml (use flasks previously graduated at 8 ml). Keep at 30”. After 30 min 
add sucrose solution (2 ml), quench after 60.0 min and measure the optical rotation in the usual way. 
Prepare a calibration graph similarly. 

l To inactivate the silver-binding impurities. The amount needed should be checked from time to 
time by preparing a curve as in Fig. 2. 
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Determination of mercury in the presence of interfering cations 

Repeat the procedure above, but omit the initial addition of buffer solution. 
adding pH 4.0 buffered sucrose solution (2 ml), then continue as above. 

Start the reaction by 

by the same procedure. 
Prepare a calibration curve 
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Zasammenfassnng-Zur genauen Bestimmung von Silber (2-10 x 
10-‘&f) und Quecksilber(I1) (2-10.10-*&f) nebeneinander und in 
Gegenwart der meisten anderen Metalle werden Arbeitsvorschriften 
angegeben. Die Methoden beruhen darauf, da13 die Katalyse der 
Sucrosehydrolyse durch Invertase von diesen Metallen inhibiert wird. 

Rbum~n d&it des techniques pour le dosage p&is de l’argent 
(2-10 x lo-‘M) et du mercure(I1) (2-10 x lo-*M) en presence 
l’un de l’autre et de la plupart des autres metaux. Les methodes sont 
bas6es sur l’inhibittion par ces mdtaux de la catalyse par l’invertase de 
l’hydrolyse du sac&arose. 
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LE DOSAGE DU PLOMB DANS LES EAUX 
ALIMENTAIRES PAR TROIS METHODES 

POLAROGRAPHIQUES 

M. DEVALERIOLA 
Laboratoire de Chimie Physique, Universite de Liege, Relgique 

et 

P. NANCNIOT 
Laboratoire de Chimie Analytique, Faculte des Sciences Agronomiques, 

Gembloux, Relgique 

(Refu le 5 J&et 1967. Ratis& 8 Fkvrier 1968. Accept6 ie 23 Fhrier 1968) 

R&mm&-II est important de pouvoir doser rapidement et avec une 
precision suffisante le plomb darts les eaux alimentaires. Les auteurs 
comparent les possibilites de trois methodes polarographiques 
recentes : la polarographie g goutte pendante, la polarographie 
oscillographique differentielle Zt tension imposb et la polarographie 
B impulsion. Ils concluent a la suptriorite de la polarographie ai 
impulsion. 

EN 1962, I’Organisation Mondiale de la Sante (O.M.S.) a abaisse de 100 rug/l. a 
50 ,&I. la teneur maximum admissible du plomb dans les eaux alimentaires. La 
limite autorisee dans la plupart des pays est cependant de 100 yg/l., avec une tolerance 
de 300 yg/l., dans certains cas. rm2 Outre les methodes colorimetriques a la dithizone 
ou au sulfure de sodium, 1’O.M.S. recommande pour le dosage du plomb la 
methode polarographique. La solution ideale consiste naturellement a utiliser 
un appareil qui permette le dosage direct du plomb, sans separation prealable. Le 
but du present travail consiste 21 comparer trois methodes polarographiques differentes, 
a savoir respectivement : la polarographie oscillographique differentielle a tension 
impostie; la polarographie a impubion; la methode de la goutte pendante. 

La polaro~aphie classique n’a pas Cd envisagke. La sensibility de cette methode 
est trop faible pour qu’il soit possible de doser directement le plomb dans les eaux 
de consommation. En effet, la limite de sensibilite de la methode se situe a 5.104M, 
ce qui correspond a des teneurs en plomb voisines de 1 mg/l. Une eau dont la teneur 
en plomb se situe dans les limites admises (de 0,05 A 0,3 mg/l.) ne peut done Ctre 
analysee directement par la technique polarographique classique. 

Pour que le dosage devienne possible, il convient que le plomb soit extrait de 
I’eau par la dithizone. 3--7 Le volume d’eau mis en oeuvre dans les methodes reprises 
en references est imposant: il varie entre 500 ml et 15 1. 

Nous allons montrer que les trois methodes polarographiques que nous avons 
utilisees permettent de rtjaliser le dosage du plomb d‘une maniere simple et moins 
fatigante. 

PARTIE ~XPERIME~TALE 

Conditions ophatoires g&&ales 

L’entrainement du plomb par la decomposition progressive du bicarbonate de calcium en car- 
bonate est empkhe par addition, au moment du prelevement, de 5 ml d’acide nitrique a 65% par 
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litre d’eau.* Si l’eau n’est pas acidi&, on constate que pour certains types d’eau, la teneur en plomb 
diminue avec le temps. 

Lea cellules polarographiques sont maintenues il la temperature de 25”. L’ap 
!ea le suivant. En polarographie a la goutte pendante, les mesures ont CM effectu 

areillage utilise est 
au moyen d’un 

Polarecord E.261 Metrohm (Herisau, Suisse). Le montage de l’&ctrode ii goutte de mercure 
stationnaire a Bte r&is& dans le laboratoire du Professeur Duyckaerts. Signalons en passant qu’il 
existe plusieurs versions commerciales de ce type d’6lectrode (Metrohm, Radiometer). En polaro- 
graphie a impulsion, les polarogrammes ont 6d enregistres au moyen d’un Southern-Harwell Mark 
II, pulse polarograph, type A.1700. En polarographie oscillographique differentielle a tension 
impode, lea pits ont 6tCs observes sur l’ecran dun Davis Differential Cathode Ray Polarograph A. 
1660 (Camberley, Surrey, Angleterre). 

Quatre echantillons, numerotbs de I 21 IV, d’eaux de provenances diverses ont Btb ttudib. Leurs 
caracteristiques sont reproduites dans le tableau I. 

TABLEAU I 

Technique utilisQ 

Oscillopolarographie differentielle 
Dosage direct 
Dosage apr&s extraction 

Polarographie a impulsion 
Condition (a) 

I 

1470 
1430 

1540 
1570 

1290 

Pb, ,@. 

II III 

128 
164 11.6 

195 13.7 
171 2.0 

IV 

12.4 

13.7 
2.2 

Lieus de prelevement : I-Verviers (eau de ville), pH 4,9 
II-Gembloux (Faculte des Sciences agronomiques), pH 6,7 
III-Liege (eau de ville), pH 7,15 
IV-Barrage de la Gileppe, pH 4,9. 

Oscillopolarographie di$erntielle d tension imposJe 

Par suite de certaines divergences constatees entre cette mbhode et les deux autres, nous avons 
utilise le dosage direct et le dosage apres extraction a la dithizone. Les possibilites d’application de 
cette methode ont d’ailleurs deja fait l’objet dune publication pr&dente.n 

Dosage direct. A un volume de I’Bchantillon B etudier on ajoute un volume du milieu de base 
suivant: acetate ammonique O,SM-acide tartrique 0,lM. Cette solution est pla& dam la cellule de 
gauche. La cellule de droite contient le milieu de base set11 dilu6 2 fois. Apres degazage de-s deux 
solutions, le potentiel de depart est fix8 il -040 V. Le pit du plomb culmine 21 -0,65 V, au milieu 
de l’ecran de l’oscilloscope. La valeur de la concentration en plomb est calct&e au moyen dune 
courbe d’etalonnage ou par comparaison avec une solution de concentration en plomb connue et 
voisine de la solution a Studier. 

Dosage apr.?s extraction d la dithizone. A 100 ml d’eau 21 analyser places dans une ampoule a 
decanter de 250 ml on ajoute 5 ml de citrate ammonique 1 M, et quelques gouttes de solutionalcoolique 
de phenolphtaleine a 1%. On ajoute ensuite de l’ammoniaque 1: 3 jusqu’a virage au rouge de l’in- 
dicateur. Le plomb est alors extrait par une solution chloroformique de dithizone 21 0,002%. 11 
n’est pas necessaire, comme en colorimetrie, de debarrasser la dithizone de ses produits d’oxydation. 
La duree de l’extraction est dune minute pour chaque fraction de 10 ml de solution de dithizone 
introduite dans l’ampoule. Apres separation des deux phases, l’extrait chloroformique des dithi- 
zonates est soutire et recueilli dam un becher, forme haute de 100 ml. L’extraction est poursuivie 
jusqu’a ce que la dithizone conserve sa teinte initiale verte. Deux a trois extractions sulIise.nt ger&- 
ralement. On introduit alors dam le b&her 1 ml d’acide nitrique concentre, on le couvre d’un verre 
de montre puis on le Porte sur plaque mttallique port& a la temperature de 200-250”. Apres Bvap- 
oration complete du chloroforme, le residu brunltre est attaque par 2 ml d’un melange a volumes 
egaux d’acide nitrique p.a. ii 65% et d’acide perchlorique p.a. a 70%. Le verre de montre n’est 
retire qu’au moment oti le b&her ne contient plus qu’une trace de liquide. L’evaporation est con- 
tint& jusqu’a cessation complete des fumees blanches d’acide perchlorique. Le residu de mine- 
ralisation doit Etre parfaitement blanc. Ce residu est fmalement dissous dans 5 ml du melange 
acetate ammonique O,SM-acide tartrique 0,lM que nous avons retenu parmi beaucoup d’autres en 
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nous basant sur les deux criteres suivants: rapidite de dissolution totale du r&idu dans ce milieu; 
absence d’interference de la part des m&aux extraits par la dithixone a pH 8,5-9 (Co, Ni, Cu, Zn, Cd, 
Sn. Tl) a l’excention toutefois du thallium dont la mesence n’est normalement uas con&at&. dans 
lesseaux alime.&ires. Toutefois, si la presence de thallium est soupconr&, nods conseillons alors 
d’utiliser le milieu de Pfibil et Zabransky. lo Suivant ces auteurs le &idu de min&alisation est dissout 
darts 2,s ml de se1 disodique de l’acide 6thyl&diaminot&aac&ique et 2,5 ml de tampon ac&ique. 
La vague du plomb (El/, = - 1,25 V) est nettement s+ar& de celle de thallium (El/, = -0.55 V). 
L’btain n’interfere nas en nratiaue. car il nasse de la valence t2 a la valence -l-4 au cows de la 
min6ralisation. L’&ain +4 n’esi pas extradtible par la dithixone. 

50 

FIG. 1 

Polarographie a imp&ion 

Les polarogrammes ont et6 enregistres il partir de solutions obtenues en ajoutant 1 volume de 
l’acide chlorhydrique lit4 il 9 volumes d’eau tl analyser. Nous avons utilid la methode d&iv& 
foumissant des polarogrammes dont la forme e.st rep&sent&. (figure 1). La concentration en plomb 
de la solution A partir de laquelle ce pit a 6t6 enregistr6 est de 155 pg par litre. Le potentiel du pit 
se situe aux environs de -0,4 V par rapport a une anode constituee par une nappe de mercure. 

Les conditions exp&imentales sont les suivantes: 1 goutte de mercure par seconde, la goutte 
&ant detach&s artificiellement (autotrig.); condition (a); sensibilitd 3 x f, balayage 1 V en 15 min, 
integration 9; conditions (b); sensibilit6 + x 2, balayage 1 V en 7,5 min, integration 3; conditions 
(c); sensibilite + x 1, balayage 1 V en 7,5 min, int6gration 3. 

Mkthode de la goutte pendante 

La d&ermination de la concentration en plomb est effectu&e par la technique de l’ajout dose. La 
formule suivante permet de calculer la concentration de la substance analysQ: 

c, = h,Gu 
Vh, - h,) + h, v 
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oh C, = concentration de la solution analyst% 
C, = concentration de l’ajout 
h, = hauteur du pit fourni par la solution analy&e 
h, = hauteur du pit obtenu apres melange de l’ajout. 
Ir = volume de la solution analysee (22 ml) 
v = volume de l’ajout (0,3 ml). 

Les conditions opkratoires sont les suivantes. On ajoute 2 ml d’acide chlorhydrique concentre 
a 20 ml d’eau B analyser. Un agitateur magndtique entrain6 par un moteurtoumant avitesse constante 
permet d’obtenir une agitation reproductible. La solution est dtgazee pendant 45 min au moyen 
d’azote ddsoxygene. L’electrolyse est effectuee sous un potentiel de -065 V pendant 3 ou 15 min 
selon les cas. Le balayage anodique (1 V en 6 min) est effectue aprks avoir laisse la solution au repos 
pendant 1 min. Le p&e&e1 du p>c obtenu est voisin de -0,45 V: Une solution preparee en ajou&mt 
2 ml d’acide chIorhvdriaue concentre a 20 ml d’eau tridistillQ foumit un nit de 8 mm a la sen- 
sibilitt de l,lO-*OA~mrk, apt&s une tlectrolyse de 15 min. Cette valeur sbra consider&e comme 
“blanc” pour les operations effectuees ii cette sensibilite et pour la m&me duree de l’electrolyse 
(echantillons III et IV). Pour les autres operations la correction de l’essai a blanc est negligeable. 

RESUME, DISCUSSION ET CONCLUSIONS 

Le tableau I rassemble la total&t des resuttats obtenus. 
L’oscillopolarographie diff&entielle ne permet le dosage direct que pour des 

concentrations en plomb assez nettement suptrieures a la limite fixee par l’O.M.S. 
(50 ,ug/l.). On obtient en effet pour l’tchantillon II une valeur qui souffre de l’impre- 
cision de la courbe d’ttalonnage utilisee. La precision obtenue (10 a 15 %) est 
neanmoins suffisante pour un dosage de traces. On peut d&s lors admettre que l’oscillo- 
polarographie diff~rentielle permet d’effectuer un dosage direct avec une precision 
raisonnable Iorsque la teneur en plomb dam l’eau est superieure ou Cgale a 100 pug/l. 
Les resultats obtenus par oscillopolarographie et par polarographie a impulsion 
concordent bien entre eux. 

II importe de souligner Bgalement l’avantage essentiel de l’oscillopolarographie 
differentielle: ie plomb introduit comme impurete par les reactifs utilises est auto- 
matiquement soustrait de la teneur en plomb a determiner. 

Les resultats obtenus en utilisant la polarographie A imp&ion ont un intCrCt 
pratique assez important. L’examen des courbes d’etalonnage tracees pour la dtter- 
mination de la teneur en plomb des Cchantillons I dans les conditions a et b montre 
la rAcessit de travailler dans les mCmes conditions de balayage et d’integeration. Les 
pentes des deux droites ne sont pas exactement dans le rapport des sensibilites 
utilistes. Nous avons v&if% que cette divergence n’est pas due a une proportion- 
nalitt imparfaite de l’tchelle des sensibilids, mais bien a l’utilisation de conditions de 
balayage et d’integration differentes. Notons cependant que les rtsultats obtenus 
pour les deux series de conditions sont concordants, ce qui constitue un argument 
en faveur de la reproductibilite des mesures effectuees par cette technique. 

La droite ~~talonnage utilisee pour determiner la teneur en plomb des ~ch~ti~ons 
II, III et IV nepassepas par I’origine. Ce fait doit Ctre attribue au plomb naturellement 
present dans l’acide chlorhydrique utilise comme milieu de base. Une solution 
d’acide chlorhydrique 0,l N montre un pit de 12 mm qui correspond avec la valeur 
determinee par extrapolation de la droite d’etalonnage jusqu’a concentration nulle 
en plomb. 

De plus, en calculant la concentration en plomb & partir du pit de 12 mm, on 
trouve une valeur legerement inferieure 21 la teneur maximum admise par le fabriquant 
(produit Merck-pro analysi-densitt 1,19-N”317-teneur maximum en metaux lourds 
comme plomb 0,0003 “/, ou environ 3,6 mg/l.) 
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Les rCsultats obtenus en utilisant la technique de la goutte pendante sont tres 
nettement differents de ceux obtenus par les deux techniques preckdentes, surtout 
dans le chef des Cchantillons III et IV. Les divergences ces observees ne peuvent pas 
s’expliquer avec une certitude absolue. On peut cependant rappeler que la technique 
de la goutte pendante est assez delicate. 11 est necessaire de reproduire parfaitement 
une serie de conditions experimentales (agitation, temps d’electrolyse, caracteristiques 
de la goutte pendante). En outre, elle met en jeu plusieurs phtnomtnes physico- 
chimiques differents (reduction, dissolution de la substance rtduite dans le mercure, 
redissolution anodique) qui peuvent, independamment l’un de l’autre, &tre la cause 
de certaines divergences. Un phenombne parasite g&rant est la formation dans 
le mercure de composes intermetalliques .8*11,12 Si, gentralement, une complication 
de cette sorte n’apparait que pour des teneurs en plomb suffisamment Clevees (de 
10-a a lO”‘M), ‘1 1 n’est pas exclu qu’elle se manifeste tgalement a des concentrations 
plus faibles et provoque l’apparition de resultats errones dans le dosage des traces. 

11 convient egalement d’envisager la diffusion du plomb dans le capillaire lorsque 
le temps d’electrolyse est important. La divergence la plus grande des rtsultats est 
observte lorsque le temps d’electrolyse est de 15 min. 

Nous pensons que l’application de la methode a la goutte pendante aux trts 
faibles concentrations (inferieures a 1 . lo-‘M) devrait faire l’objet dune etude qui 
qui sort du cadre de ce travail. 

Finalement, il est possible de tirer des diverses comparaisons auxquelles nous nous 
sommes livrts, les conclusions suivantes. La polarographie a impulsion permet 
d’obtenir plus rapidement le resultat du dosage que la methode oscillopolarographique 
differentielle lorsque la teneur en plomb des Cchantillons se trouve a proximite de la 
limite admise par l’0.M.S. En effet, dans ces conditions, l’oscillopolarographie est 
trop peu sensible pour effectuer un dosage direct et il est alors necessaire de proceder 
a une concentration prealable par extraction. La polarographie a impulsion est aussi 
nettement plus rapide que la methode de la goutte pendante et les resultats qu’elle 
permet d’obtenir semblent plus stirs lorsqu’on considtre la complexite des differents 
phenomenes physico-chimiques sur lesquels se base cette dernitre technique. 11 
semble done possible d’affirmer que la polarographie a imp&ion est actuellement la 
technique polarographique la plus pratique et la plus generale pour doser le plomb 
dans les eaux alimentaires jusqu’a la limite de concentration fixee par l’0.M.S. 11 
faut cependant remarquer que cette methode ntcessite l’utilisation dun appareillage 
trts complexe et tres coQteux. 

Summary-It is important to be able to determine lead in drinking 
water rapidly and accurately. Three polarographic methods are 
compared : hanging drop polarography, differential oscillographic 
polarography and pulse polarography. The last seems best. 

Zusanunenfassung-Es ist wichtig, Blei in Trinkwasser schnell und 
genau bestimen zu kijmren. Es werden drei polarographische Verfahren 
verglichen: Polarographie am hlngenden Tropfen, Differentialoszillo- 
polarographie und Impulspolarographie. Am besten schneidet die 
letzte Methode ab. 
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P~I~RCHROMATOG~HISCHE UNTERSUCHUNG 
UND TRENNUNG VON AZODERIVATEN DER 

CHROMOTROPS~URE 

J. S~E~O~~ und 1. HENNIG 
Institut ftir Anorganische Chemie der Ma~in-Luth~-U~ve~it~t, 

402 Halle(Saale), DDR 

(Eingegangen am 21. November 1967. Angenommen am 4. Februar 1968) 

Zusammenfassung-Es wurde das papierchromatographisehe Verhalten 
einiger Mono- und Bisazoderivate der ~orno~o~~e untersucht. 
Daraus Ii& sich ein einfaches und schnelles Verfahren zur Tremmng 
der Mono- und Bisazoderivate entwickeln. Die QWerte fiir elf 
verschiedene Mono- und Bisazofarbstoffe werdcn angegeben. Die 
Untersuchung einiger Handelspraparate mit dem beschriebenen 
Verfahren zeigte, daJ3 diese in einigen FBllen aus Gemischen bestehen. 
Das Verfahren wird zur Reinheitskontrolle von Mono- und Bisazo- 
derivaten der Chromotroptiure empfohlen. 

BISAZOD~ATE der Chromotrops&u-e haben besonders in letzter Zeit zunehmende 
Bedeutung fur photometrische Bestimmungen einiger Metallionen erlangt.l** In 
einigen Fillen wurden such die Stabilitsitskonstanten der entsprechenden Komplexe 
bestimmt.s-e Der Reinheit der verwendeten Praparate wurde bisher aber nur wenig 
Aufmerksamkeit gewidmet, obwohl, bedingt durch die relativ schwierige Synthese der 
Bisazoderivate der C~omotrops~ure die M~glichkeit der Ve~nreini~ng durch die 
entsprechenden Monoazoderivate groS ist. Der Reinheitsgrad der PrZiparate wurde 
nahezu ausschlieDlich elementaranalytisch ermittelt. An Hand dieser Analysenwerte 
ist aber eine Beurteilung der Reinheit fraglich. Nimmt man z.B. an, da8 ein Prlparat 
von Sulfonazo III (2,7Bis(2’-sulfophenylazo)-chromotropsaure) durch 10 % des 
entsprechenden Monoazode~vates (2-(2‘-Sulfophenylazo)-chromotrops~ure) verun- 
rein&t ist, so wiirde man folgende Analysenwerte erhalten: C 38,38 % (38,4x); 
H 2,4 (2,38x); N 7,9x (8,18 %); S 18,7x (18,68x). Die entsprechenden 
Werte fur reines Sulfonazo III sind in Klammern angegeben. 

Speziell zur Beurteilung von Arsenazo III-Praparaten (2,7-Bis(2’-arsonophenyl- 
azo)-chromotropsaure) sind Methoden beschrieben worden, die sich aber nicht ohne 
weiteres auf andere Bisazoderivate der ~hromotrops~ure iibertragen lassen, da sie 
genaue Kenntnisse iiber Abso~tionsm~ima und molare Extinktionskoe~ienten der 
einzelnen Komponenten verlangen .lonll Uber das papierchromatographische Verhal- 
ten von Mono- und Bisazoderivaten der Chromotropsaure sind in der Literatur 
nur wenig Angaben12*13 zu finden, obwohl sich diese Methode ftir eine Reinheits- 
priifung besonders eignen sollte. 

Aus diesem Grunde haben wir das papierchromatographische Verhalten einer 
Reihe von Mono- und Bisazoderivaten der Chromotropsaure mit dem Ziel, ein schnell 
durchfilhrbares und einfaches Verfahren zur Reinheitspriifung von Handelsprodukten 
sowie neu dargestellten Substanzen zu finden, nHher untersucht. 
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Reagenzien und Geriite 

EXPERIMENTELLER TEIL 

Die in Tabelle I aufgeftlhrten Farbstoffe I-XI und Iu-XIu wurden nach bekannten Methoden 
dargestellt. Davon sind V-VII und IX-XI bisher noch nicht beschrieben worden. Uber ihre Synthese 
und ihre Reaktionen mit Metallionen sol1 in einer gesonderten Veriiffentlichuug bcrichtet werden. 

In den Kreis der Untersuchungen wurden such einige Handelspraparate wie 3-(2-Arsono- 
phenylazo)-4,5-dihydroxy-2,7-naphthalindisulfonstiure Dinatriumsalz (identisch mit Farbstoff Ia), 
Arsenazo III (identisch mit Farbstoff I), Sulfonazo III (identisch mit Farbstoff II), Nitrosulfonazo III 
(identisch mit Farbstoff III) und Bromsulfonazo III (identisch mit Farbstoff IV) einbezogen. 

TABELLE I.-VERZEICHNIS DER UNTERSUCHTEN AZODERIVATE DER 
CHR~~~~TR~P~XU~~E 

lfd.Nr* Trivialname? Art der Substituenten 

I Arsenazo III 
II Sulfonazo III 

III Nitrosulfonazo III 
IV Bromsulfonazo III 
V Chlorsulfonazo III 

VI Dimethylsulfonazo III 
VII Disulfonazo III 

VIII Carboxyazo III 
IX Sulfocarboxyazo III 
X Sulfosalicylazo III 

XI Sulfokresolazo III 

V = -AsO(OH)~; W=X= Y=Z=H 
V=-SO,H; W=X= Y=Z=H 
V=-SO,H; Y=-NO,; B’=X=Z=H 
I’=-SO,H; Y=-Br; W=X=Z=H 
I’=-SO,H; Y=-Cl; W=X=Z=H 
Y=-SO,H; W= Y=-CH,; X=Z=H 
V=X=-SO,H; W= Y=Z=H 
V=-COOH; W=X= Y=Z=H 
V=-COOH; Y=-SO,H; W=X=Z=H 
V=-OH; X=-SO,H; Z=-COOH; 

I+‘= Y=H 
V = -OH; X = -CH3; Z = -SO,H; 

W= Y=H 

* Die entsprechenden Monoazoverbindungen, die gleichfalls mit untersucht wurden, sind im 
folgenden mit den laufenden Nummern Ia bis XIa bezeichnet. 

t Die Trivialnamen fiir die Farbstoffe Nr. V, VI, VII, IX, X und XI wurden nach den sich in der 
Literatur gebildeten Regeln abgeleitet. 

Von diesen Farbstoffen wurden 1-proz. wtiBrige Losungen bereitet und mittels einer Mikropipette 
abgemessene Mengen (im allgemeinen 5-10 ~1) auf das Chromatographiepapier aufgetragen. Ftir 
Vergleichszwecke dienten 1-proz. wtirige Losungen der bei der Synthese verwendeten Diazonium- 
salze sowie des Natriumsalzes der Chromotropslure, von denen ebenfalls 5-10 ~1 auf das Chromato- 
graphiepapier aufgetragen wurden. Als FlieBmittel fanden folgende Ltisungen Anwendung: 

FlieBmittel Nr. 1: n-Butanol: Eisessig: Wasser (2: 1: 1) 
Flieljmittel Nr. 2: IO-proz. wldrige Ammoniakliisung 
FlieBmittel Nr. 3 : Wasser 
FlieBmittel Nr. 4: 0,l n Essigslure 
FlieBmittel Nr. 5: 0,l n Salzsaure 
FlieDmittel Nr. 6: 0,l n Schwefelslure 
FlieI3mittel Nr. 7 : 1,O n Salzslure. 

Als Chromatographiepapier standen die Kurzkeilstreifen der Firma VEB Spezialpapierfabrik 
Niederschlag/Erzgeb. zur Verftigung. Die Type FN 14/K, ein sluregewaschenes, mittelschnell 
laufendes Papier, erwies sich als besonders gecignet. Die Entwicklung der Chromatogranune erfolgte 
im Chropagerlt* Nr. K-3-15 der Firma VEB Glaswerke Illmenau. 

Ergebnisse 

Die Ergebnisse der Versuche sind in den Tabellen II-IV zusammengestellt. Die dort mitgeteilten 
Rr-Werte sind Mittelwerte aus wenigstens drei Versuchen. 

* Eingetragenes Warenzeichen der Firma. 
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TABELLE II.-CHROMATOGRAPHIE DER FARBSTOFFE I UND Ia MIT 
VERSCIIIEDENEN FLEJ~M~T~LN 

Fliel3mittel 
Nr. 

R,-Werte 
I IU Bemerkungen 

1 0,85 0,88 

2 0,94 0,93 

3 0,82 0,86 

4 0,62 0,72 

5 0,50 0,62 
6 0,45 0,57 
7 0,42 0,53 

Dauer 5 Stdn. Farbstoff I zeigt sehr diffuse Zone. 
Im Gemisch schlechte Trennung beider Farb- 
stoffe. 

Im Gemisch keine Trennung beider Farbstoffe; 
Dauer 1,5 Stdn. 

Im Gemisch schlechte Trennung beider Farbstoffe; 
Dauer 2 Stdn. 

Farbstoff I zeigt sehr verwaschene Zone. Im 
Gemisch schlechte Trennung beider Farbstoffe; 
Dauer 2 Stdn. 

Gute Tremmng; Dauer 2 Stdn. 
Gute Trennung; Dauer 2 Stdn. 
Gute Trennung; Dauer 2 Stdn. 

TABELLE III.-CHROMATOGRAHIE DER FARBSTOFFE I BIS KI UND Ia BIS XIu 

Farbstoff 
Nr* Rx-Wert Farbe Bemerkung 

I 
IU 
II 

IIU 
III 

IIIa 
IV 

IVa 
V 

Vu 
VI 

VIU 
VII 

VIIU 
VIII 

VIIIa 

LEl 

2 
XI 

XIU 

0,50 violett 
0,62 rotviolett 
0,81 blauviolett 
0,69 rot 
0,61 blauviolett 
0.55 rotviolett 
060 blauviolett 
0,07 rotviolett 
0,66 blauviolett 
0,58 rotviolett 
0,91 blauviolett 
0,81 rotviolett 
0,88 blauviolett 
0,85 rot 
0,O blau 

0,28 rot 
0,28 blauviolett 
060 rot 
0,32 blauviolett 
0,52 rotviolett 
0,33 blauviolett 
0,47 rotviolett 

Im Gemisch gehen die Zonen 
beider Farbstoffe unmittelbar in- 
einander iiber, sind aber gut zu 
unterscheiden 

Flidmittel Nr. 5; Papier FN 14/K; Dauer 2 Stdn. 
* Die einander entsprechenden Bisazofarbstoffe (r&n&he Ziffern) und Monoazofarbstoffe 

(rbmische Ziffem mit Index a) stehen in der Tabelle untereinander. 

4 



768 J. Smm und I. H~NNIO 

TABELLE IV.-ERGEBNISSE DER PAPIERCHROMATOGRAPHISCHEN UNTER~UCHUNG 
EINIGER HANDELSPRODUKTE. 

Produkt R,-Wert Farbe 
Intensitat der 

FBrbung* 

3-(2-Arsonophenylazo)-4,5- 
dihydroxy-2,7-naphthalin- 
disulfonsiiure Dinatriumsalz 
Uranon p 

Arsenazo III 

Sulfonazo III 

Bromsulfonazo III 

Nitrosulfonazo III 

0,62 rotviolett 
0,62 rotviolett 
0,52 violett 
0,62 rotviolett 
0,52 violett 
O,OO braunviolett 
0,81 blauviolett 
0,14 braunlich 
0,72 rot 
0,66 rot 
060 blauviolett 
0,07 rotviolett 
0,73 rot 
0,61 blauviolett 
0,19 gelblich 
0,09 rotviolett 

st 
st 
sehw 
m 
st 
m 
st 
schw 
sehw 
sehw 
st 
sehw 
schw 
sehw 
schw 
sehw 

FlieDmittel Nr. 5; Papier; FN 14/K; Dauer 2 Stdn. 
+ Die Intensitiit der F&bung wurde visuell abgesehatzt. Die Abktirzungen bedeuten: st = 

stark; m = mittel; schw = schwaeh. 

DISKUSSION 

Da a priori ein einfaches und schnell durchftihrbares Verfahren zur Reinheits- 
prtifung von Bisazoderivaten der Chromotropsaure angestrebt wurde, kam als 
Methode nur die Chromatographie auf Rundfiltern oder Kurzkeilstreifen in Frage. 
Gegentiber der Chromatographie auf Rundfiltern bietet die Kurzkeilstreifenmethode 
den Vorteil besser reproduzierbarer Ergebnisse. AuBerdem kiinnen durch Chroma- 
tographie auf Keilstreifen bekanntlich such Substanzen mit sehr ahnlichen R,-Werten 
gut getrennt werden. l4 Vorversuche zeigten, da13 sich fur eine schnelle Trennung das 
Papier FN 14/K besonders eignet. Mit dem schneller laufenden Papier FN 1 l/K 
erfolgt in einigen Fallen nur eine ungentigende Trennung, w;ihrend mit dem langsamer 
laufenden Papier FN 16/K zwar eine gute Trennung, jedoch auf Kosten einer llngeren 
Entwicklungsdauer zu erzielen war. 

Die ersten Versuche wurden mit dem FlieDmittel Nr. 1 durchgeftihrt, welches sich 
bei der papierchromatographischen Trennung von Farbstoffen verschiedenster 
Konstitution bewahrte.15 Mit diesem Fliehmittel lassen sich jedoch die Mono- und 
Bisazoderivate der Chromotropsaure nur schlecht trennen; auberdem dauert die 
Entwicklung der Chromatogramme relativ lange (etwa 5 Stdn.). Wie aus der Tabelle 
II zu ersehen ist, ftihrt die Verwendung verdtinnter Liisungen von Mineralsauren zu 
einer raschen und guten Trennung der Mono- und Bisazoderivate der Chromotrop- 
saure. Dabei beruht die Trennung aber wohl kaum auf einer Verteilung zwischen 
zwei Phasen, sondern auf einer unterschiedlichen Adsorption der verschiedenen 
Komponenten am Papier, was schlieBlich such die Form der Flecken andeutet. 
Wahrend der vordere Rand der Bogenzonen immer sehr scharf ist, erscheint die 
hintere Begrenzung (dem Startpunkt zugewandt) immer mehr oder weniger ver- 
schwommen. Trotzdem aber lassen sich die R,-Werte dieser Zonen such bei der relativ 
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kurzen Laufstrecke des FlieBmittels von etwa 10 cm bemerkenswert gut reproduzieren. 
Dagegen iibt Art und Weise der Auftragung der Farbstoffe auf das Papier in einigen 
FSillen betr;ichtlichen EinfluS auf die Trennung aus. Dies ist besonders bei Verwendung 
der FlieBmittel Nr. 1,3 und 4, d.h. solche, die keine oder nur schwache Sguren enthal- 
ten, der Fall oder wenn die Farbstoffe entweder als freie Siiuren oder als Salze auf- 
getragen werden. Wahrscheinlich beruht dies auf der unterschiedlichen Adsorption 
der verschiedenen Dissoziationsformen der Farbstoffe. Es ist deshalb zu empfehlen, 
die Farbstoffe entweder als freie Sgiuren aufzutragen oder wenn dies nicht mijglich ist 
(z.B. bei Handelsprodukten), die aufgetragenen Farbstoffe durch kurzes RHuchern 
mit Salzs;iure in die freien S;iuren zu iiberfiihren. Da von vornherein anzunehmen war, 
da13 das FlieBmittel Nr. 5(0,1 II Salzsgure) weder das Papier zerstiirt (wichtig fiir die 
Dokumentation der Ergebnisse) noch Reaktionen mit den Farbstoffen eingeht, wurde 
nur noch das FlieBmittel Nr. 5 verwendet. 

Wie aus Tabelle III hervorgeht, lassen sich somit alle in Tabelle I aufgefiihrten 
Mono- und Bisazoderivate der Chromotropdure gut trennen. In den FBllen mit 
nur geringen Unterschieden der R,-Werte zwischen Mono- und Bisazoderivat, 
kiinnen diese trotzdem gut an ihrer unterschiedlichen FIrbung erkannt werden. 
Bisazofarbstoffe, die in Orthostellung zur Azogruppe Carboxyl- oder Hydroxyl- 
Gruppen besitzen, zeigen nur kleine R,-Werte. Die entsprechenden Monoazofarb- 
stoffe besitzen betrachtlich griiDere R,-Werte und sind gut von den entsprechenden 
Bisazofarbstoffen zu trennen. Hier nicht n%her geschilderte Versuche zeigten, da13 
diese Bisazofarbstoffe mit dem FlieBmittel Nr. 2 grol3e R,-Werte liefern. Dann 
erfolgt jedoch nur eine schlechte Trennung der Mono- und Bisazofarbstoffe. 

Das FlieBmittel Nr. 5 diente such zur Untersuchung einiger Handlesprodukte. 
Wie aus Tabelle IV hervorgeht, bestehen diese in einigen Flllen aus Gemischen. So 
enthtilt das Monoazoderivat Uranon p such das Bisazoderivat, wghrend das en- 
sprechende Bisazoderivat Arsenazo III durch den Monoazofarbstoff verunreinigt ist. 
Eine halbquantitative AbschHtzung der Verhiiltnisse ist schwierig, dadie Monoazoderi- 
vate gegeniiber den Bisazoderivaten im allgemeinen nur etwa halb so grol3e molare 
ExtinktionskoefFizienten besitzen. Gleichstarke FIrbungen der Zonen wiirde somit 
etwa einem Verhgltnis von Bisazoderivat zu Monoazoderivat wie 1:2 entsprechen. 
Da die Mono- und Bisazoderivate aber unterschiedlich geftirbt sind, Is;& sich ein 
Verhgltnis nur schwer absctitzen. 

Auf den Chromatogrammen der Handelsprodukte lassen sich in einigen FBllen 
noch weitere Zonen erkennen. Durch Chromatographie von frisch bereiteten wie 
such von gealterten LGsungen der bei der Synthese verwendeten Diazoniumsalze war 
festzustellen, da13 diese Zonen Zersetzungsprodukten der Diazoniumsalze entsprechen. 
Chromotropsgure selbst besitzt mit dem FlieBmittel Nr. 5 einen R,-Wert von 0,80. 
Sie 1%13t sich nur dann als Verunreinigung nachweisen, wenn die Farbstoffe andere 
R,-Werte besitzen, da diese sonst die relativ schwache F&bung die die Chromotrop- 
sgure bei Bespriihen mit Eisen(III)-chloridlbsung liefert, iiberdecken. 

Das beschriebene Verfahren wird zur Reinheitskontrolle von Bisazoderivaten der 
Chromotrops8ure empfohlen. Dabei ist es vorteilhaft, dal3 die Entwicklung der 
Chromatogramme nur 2 Stdn. dauert, so daB bereits wghrend der Synthese eine 
Beurteilung der Qualit% des Produkts miiglich ist. Das analytische Verfahren ist 
nach allem such ohne weiteres auf andere, hier nicht untersuchte Bisazoderivate 
der ChromotropsZiure iibertragbar. 
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Summary-The paper chromatographic behaviour of some mono- 
and bis-azo derivatives of chromotropic acid was studied, leading to a 
simple and rapid method for separation of mono- and bisazo derivatives. 
The &values of eleven different mono- and bisazo dyes are given. 
The investigation of some commercial preparations with the method 
described shows that these are mixtures in some cases. The method is 
recommended for the control of purity for mono-and bisazo derivatives 
of chromotropic acid. 

R&m&-On a etudit le comportement chromatographique sur papier 
de quelques derives mono- et bisazo de l’acide chromotropique, 
conduisant a une methode simple et rapide pour la separation des 
derives mono- et bisazo. On donne les valeurs R, de onze colorants 
mono- et bisazo differents. L’ttude de quelques preparations com- 
merciales par la methode d&rite montre que dam quelques cas celles-ci 
sont des melanges. On recommande la methode pour le controle de 
purete des derives mono- et bisazo de l’acide chromotropique. 
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Sammary-_The general equation of the titration curve for spectro- 
photometric extractive titrations is derived. The graphical location of 
the end-point is assumed and the significance of the general equation 
is discussed. Simple formulas for threshold pH and for sensitivity are 
obtained. An increased selectivity of spectrophotometric extractive 
titrations in comparison with that of the usual spectrophotometric 
extractive methods is demonstrated. 

RECENTLY a technique for the determination of microgram amounts of metals, based 
on extractive titration followed spectrophotometrically without any sampling of 
aqueous or organic phase, has been developed .l In order to make the method appli- 
cable to reagents other than dithizone, which was used in the earlier work, and because 
of the need to predict theoretically the optimum conditions of titration, a mathematical 
treatment of the spectrophotometric extractive titration has been developed. 

GENERAL EQUATION OF THE TITRATION CURVE 

At any point during the spectrophotometric extractive titration of metal ion MM+ 
in the presence of metal ion NN+ with chelating agent HA, the absorbance, A, of the 
organic phase is given by: 

A = &MM,~ - b%J, + &NAN . [NM,, + &HA. [HAI,,,) (1) 

where b%lorg, [NANL~, and D%, are concentrations of the metal chelates 
and free HA in the organic phase, &MAX, aNAX and EEA are the molar absorptivities of 
the species indicated and I is the light path-length. It is assumed throughout that 
equilibrium has been reached. Then the extraction constant2 may be used to express 
the concentrations in equation (1). The extraction constants are defined by: 

K 
M 

= [MAado, [HIM and 
WI [W:g 

x 
N 

= [NANI~~~[W 

PI D-W%, ’ (2) 

where [H] is the equilibrium concentration of hydrogen ion. Here and elsewhere the 
charges of ions are omitted for the sake of simplicity. 

If KM > KN, the equilibrium concentration of free titrant [HA],,, is determined 
by KM and 

WA1 erg = [HI ( yM;;;d ) 

l/M 

. (3) 

The equilibrium concentration, [MAJOrg, must be derived having regard to the 

* Part IV-Talanta, 1967, 14, 731. 

771 



172 A~ANAS GAL~K 

fact that the reaction of the chelating agent with metal ion M will not generally be 
quantitative under the conditions of titration, i.e., 

[MA,I,,, = E%, (4) 

where E is the degree of reaction and cu* is the total concentration of the chelating 
agent in the organic phase at the given stage of titration (calculated according to the 
volume of the organic phase, V erg, present in the titration cell at the start of the 
titration). 

The equilibrium concentration [NAN& and the equilibrium concentrations [M] 
and [N] in the aqueous phase may be derived from the mass balances: 

NWorg = ;&I~ - WI,, - WMbJorg), (5) 

[M] = cM _ LMAM9 ’ ‘0,) (6) 

[N] = cN -[NA,],,, . +, (7) 

where CM, cN denote the initial concentrations of metal ions in the aqueous phase of 
volume V. 

Flaschka,3 who dealt with the theory of chelometric photometric titrations in the 
aqueous phase, introduced the useful idea of the equivalent ratio of titrant to metal 
ion, a. For a metal ion of valency Mf the equivalent ratio is given by: 

Solution of equations l-8 gives the general equation of the titration curve in 
parametric form : 

V l/M 

A = I. E&@&2 - + EHABMM 
V OF% 

4% l/M 

NIM + (BM&a , (96) 

where Q = KM/KN and BY is the ratio 

[HIH. (%)“-’ lKM. cMM . iU”I. 
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Values of A and a for various values of the product Ea (0 < Ea < 1) may be calculated 
so it is possible to obtain the whole titration curve for given initial concentrations [HI, 
CM and CN, assuming that K,, KN, Y and V,,, are known, (Figs. l-5). 

0 I 2 
a 

FIO. I.-Titration of univalent cation. 

V 
en&= 1; S=l; cx=o; E==O. 

V 

I 2 
a 

FIG. 2.-Titration of bivalent cation. 
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A 

0.5 

0 I 2 
a 

FIG. 3.-Titration of tervalent cation. 

&PAM& 
V 

zl. org=1. c =o. 8 
‘y ‘N 3AA= 0. 

Location of the end point 

DISCUSSION 

If the metal ion M is to be titrated after its preliminary separation from all other 
metal ions extractable with the titrant, the equation of the titration curve contains 
only the terms concerning the properties of reagent and of metal chelate MAM. 
Further simplification may be achieved by assuming that the titration is followed at 
the wavelength of maximum absorbance of the chelate MAM, at which in most cases 
the absorbance of the unreacted reagent is negligible. In such a case it is usual3 to 
establish the end-point as the abscissa of the intersection of two straight lines, one of 
them passing through the origin and through the point when half of the titrant has 
been added, the other passing through the points when 50 and 150 ‘,?$ excess of the 
titrant has been added. 

It is in principle possible to continue the titration far beyond the end-point, and so 
to obtain points on the curve where the slope is essentially zero. This simplifies the 
considerations derived below, because the second straight line may be parallel to the 
axis on which the volume of titrant is plotted, and pass through the point of maximum 
absorbance. 

Threshold pH 

The prediction of the proper conditions for successive spectrophotometric ex- 
tractive titration requires a knowledge of the pH range of the solution being analysed 
which will give the results to the accuracy demanded. Straight lines can be drawn 
through the experimental points of the titration curve in terms of the general equations 
@a) and (9b). The first line is drawn through points a = 0, A = 0 and a = 0.5, 
A = A,.,; the second has zero slope and goes through the point A = Iey+CM 

v/ VW, 3 as a + co, where all the metal ion M is completely extracted. If it is assumed 
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that the permissible analytical error is ~1% it may be concluded that the degree of 
reaction E,,.& at a = 0.5 must be >O-991. Introduction of these values into general 
equations (9a) and (9b) (when cN = 0, aaA = 0) gives the critical values of B, and 
equations for the minimum satisfactory or threshold pH shown in Table I. 

TABLE I.-CAL VALIJES Ih’ THE TlTRATION OF WJTAL ION M 

Charge on 
the metal ion Criticai BM value Threshold pH* 

I 2.338 x IO--$ 2.63 - log KM - log CJZ 

2 1.321 x 1O-5 2.14 _ log KM - - log CM 
2 

3 4723 x 10-e 1.97 _ ‘*g K&f - - log c,M 
3 

4 2.125 x IO-‘” , .82 __‘og Ksf - - log cx 
4 

* Supposing that V = Borg. 

It must be noted that the errors considered above are positive, but negative errors 
may arise, e.g., if titrant absorbs at the same wavelength as the chelate. 

The highest pH value suitable for titration depends on the ease of hydrolysis of the 
metal ion in aqueous solution and the dissociation of the organic reagent, which limits 
the validity of equations (l)-(9), as in substoichiometric separations by extraction.2 
Usually the knowledge of the threshold pH is the most significant, because near this 
pH the titration is most selective. 

The sensitivity of most methods of trace analysis depends on the variability of the 
procedure blank, but this factor will not be considered in the discussion below, 
which deals with the limitations of the method. 

The sensitivity is dependent on two factors; (i) the extraction process, and (ii), the 
measurement of absorbance. 

(i) The least determinable amount of metal ion may be computed from the 
equation for threshold pH, if it is borne in mind that the maximum value of threshold 
pH is limited by at least three conditions: (n) the general equations of the titration 
curve, (9a) and (9b) must be valid, i.e., the dissociation of the reagent in the aqueous 
phase must be negligible-VIA] < [HA],,,VQV,,,; this rule is fulfilled for hydrogen 
ion concentrations lower than pKnA + log PHA + log F&,fV, where Kn, is the 
dissociation constant and P,, the distribution coefficient of the reagent; (b) the 
threshold pH must be lower than that at which the precipitation of hydroxide of 
the metal ion titrated begins; (c) the threshold pH must be lower than that at which 
the precipitation of hydroxides of metals other than the titrated one begins, other- 
wise losses due to co-precipitation may be expected. 

These conditions may be conveniently expressed as 

PHt < PI%n* (10) 

where pH, is the threshold pH and pH,,, is the lowest value of pH given by condition 
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a, b, or c. Formulae for the lowest determinable concentration of metal ion (c&in 
were calculated from equation (10) and Table I, and are shown in Table II. 

TABLE IL-SENLWWITY OF THB TITRATION 

Charge on Log minimum concentration 
the metal ion suitable for titration 

1 2.63 - log KM - pH,dt 
2 2.14 - i) log KM - pH,fit 
3 1.97 - 4 log KM - pH&t 
4 1.82 - & log KM - pHcrit 

(ii) When the spectrophotometric extractive titration is followed at the wavelength 
of maximum absorbance of the chelate formed, it is desirable to determine at least 
five distinct points on the first branch of the titration curve, so the absorbance due to 
metal chelate formed compared to that of all the metal present must be at least five 
times that which is reliably measurable by the spectrophotometer used. Then the 
least determinable amount of metal M is given by 

(11) 

where Amin is the minimum absorbance measurable. 
From equations (10) and (1 l), it is evident that the theoretical sensitivity of spectro- 

photometric extractive titration is lower than that of the usual extractive spectrophoto- 
metric methods. Nevertheless, it must be noted that in spectrophotometric extractive 
titrations so far developed 4*6 the real sensitivity was limited mainly by the reproduci- 
bility of the procedure blank. 

Selectivity 

When the analysed solution contains metal ion M together with metal ion N which 
also reacts with the titrant, it is not possible to simplify the basic equations (9a) and 
(9b). The shape of the titration curve in this case is that shown in Figs. 4 and 5. It is 
evident that the slope of the branch of the curve after the end-point is not generally 
zero. The end-point may be located by extrapolating the straight lines going through 
points A,, A,., and A2+, Aa.o. 

From the line before the equivalence point, if A,, = 0, then Al = 2A,,.+z, and from 
the line after the equivalence point, 

Al = 2(A,., - A,.& + A,., - 5(A,., - A,.,). 

Rearrangement gives an equation for a and since at the equivalence point a should 
be 1.00, the error A, expressed as equivalents, is given by 

A = A,., - Ws-i, - As.,) _ , 
&4,.s - As., + 4~) 

(12) 

where the subscripts denote the stoichiometric ratio of added titrant to total metal M 
present. 

Calculation of the appropriate Ai from equations (9a) and (9b) for a given system 
enables the systematic error to be predicted. These calculations, however, are very 
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tedious as no general expression for Ea as a function of equivalent ratio a is possible, 
so they are not presented here. 

It is much more important to compare the selectivity of spectrophotometric 
extractive titration with the usual spectrophotometric analytical method where an 
excess of extractive agent is used. From the data used in preparing Fig. 4 it was 
concluded that approximately +2 ‘A error arises in the presence of tenfold excess of 
metal ion N which forms a chelate with a molar absorptivity one fifth that of the metal 
titrated, at the wavelength chosen, if Q = 103. In the case of a spectrophotometric 
extractive method where an excess of chelating extractant is used, 99 % extraction of 
metal ion M is secured at concentrations of hydrogen ion lower than 

IHl = KM. [HA]o,, 
99 * 

If Q = 103, the distribution ratio of metal ion N is 

[NAN]~w = KN . [HA]~~, - 103 

PI [H] - * 
10-z = 0.1 

’ 

If cN = l&M and 5&N&= &M&I’ a 19 % positive error will arise. 
In order to diminish the error to the level obtained by titration, only 1.5 % extrac- 

tion of metal N may be allowed, which means that the extraction constant of metal 
ion N must not exceed the value 

1.5 [H] 

KN = 98*5[HA],,, 
= 1.5 x 102. 

In other words, the ratio K,:K, must be >6*7 x 103. 
It is evident that the spectrophotometric extractive titration is more selective than 

the usual spectrophotometric method. 

CONCLUSION 

It has been shown that the spectrophotometric extractive titration of a single 
cation is theoretically less sensitive than the usual spectrophotometric method with 
extractive separation, but the titration is more selective. It is concluded that the use of 
spectrophotometric extractive titration for the determination of microgram quantities 
of metals is advantageous. 

Znsammenfassnng-Die allgemeine Gleichung der Titrationskurve 
spcktrophotometrischer extraktiver Titrationen wird abgeleitet. 
Es wird graph&he Ermitthmg des Endpunktes angenommen und die 
Bedeutung der allgemeinen Gleichung diskutiert. Man erhiilt einfache 
Formeln fur die pH-Schwelle turd die Selektivitat. Es wird eine 
verbesserte Empfmdlichkeit spektrophotometrischer extraktiver Titra- 
tionen demonstriert, verglichen mit den tiblichen spektrophotom- 
etrischen Extraktiwerfahren. 

RCsam&-On Ctablit l’equation g&r&ale de la courbe de titrage pour 
les titrages spectrophotometriques par extraction. On admet la 
localisation graphique du point de fin de dosage et discute la significa- 
tion de l’equation gentrale. On obtient des formules simples pour le 
seuil de pH et pour la sensibilitb. On demontre une sdlectivite accrue 
des titrages spectrophotometriques par extraction par comparaison a 
celle des mtthodes spectrophotometriques par extraction usuelles. 
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Summary-A comprehensive study has been made of the determination 
of scandium by atomic absorption. In addition to the inst~ent~ 
variables such as flame-height, slitwidth and lamp current, a number 
of solution variables have been studied including the effect of anions 
(chloride, sulfate, nitrate, and fluoride), organic solvents, and other 
metals on the determination of scandium. Standard conditions have 
been established for the detection of minor amounts of scandium in 
a wide variety of materials including complex alloys of iron, nickel, 
ahuninium, magnesium, and the rare earths. 

HoLLow-cathode lamps for scandium have become commercially available in the past 
two years and recently Manning1 has suggested several wavelengths which can be used 
for the determination of scandium by atomic absorption. No comprehensive study 
has previously been made, however, of experimental conditions necessary for the 
dete~nation of scandium in actual samples. This paper reports a study of instru- 
mental operating parameters in addition to an investigation of the effect of anions, 
organic solvents, and other metals on the determination of scandium in complex 
alloys of aluminium, magnesium, iron, nickel and misch metal. 

Apparatus 
EXPERIMENTAL 

A Techtron Model AA-4 Atomic Absorption Spectrophotometer with a nitrous oxide burner 
head and a R106 photomultiplier tube was used for this study. The recorder was a Sargent SRL 
model; the scandium hollow cathode lamp was manufactured by Atomic Spectral Lamps Pty. Ltd. 
The operating parameters were: acetylene pressure variable; nitrous oxide pressure 16 psi; lamp 
current 10 mA; burner height setting 7; damping setting for maximum stability D. 

RESULTS AND DISCUSSION 

Slitwidth and sensitivity 

The effect of varying the slitwidth was studied for the three most sensitive reso- 
nance wavelengths of scandium, by aspirating a 50-ppm aqueous solution (of the chlo- 
ride). As shown in Fig. I, varying the slitwidth had comparatively little effect on the 
sensitivity; however, a m~imum was noted in two cases at about 75 ,u. 

Typical working curves are shown in Fig. 2. Sensitivity, expressed as the concen- 
tration of scandium producing 1% absorption, is O-8 ppm at 3911.8 A, and 1 ppm 
at 3907.5 and 4023.7 A. 

781 



0 240 

OWEN H. KRIEGE and G. G. WELCHER 

FIG. 1 

Mechanical slit width, p 

150 200 250 300 350 

Sc. PPm 

Anion interference 

The effect of anions on the determination of scandium by atomic absorption is 
shown in Table I. The absorption at 3911.8 A by a 50-ppm solution of scandium 
(as chloride) was measured at a slitwidth of 75 ,u. Fluoride ion produces serious inter- 
ference, probably owing to precipitation of scandium fluoride, hence it must be 
absent from samples analyzed by this technique. It is evident that while moderate 
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TABLEI.-THEEFFECTOFANIONSONTHEDETERMMATION 

OF SCANDIUM 

Anion added Concn. of anion, ppw Absorbance 
_ 

0.250 

0.250 
0.224 
0.200 

Nitrate 100 0.250 
10000 0.227 
85000 0+208 

Sulfate 100 0.198 
2500 0.222 
5000 0.254 

15000 0280 

amounts of chloride and nitrate have only a minor effect on the absorbance of scan- 
dium, if samples are to be aspirated which contain major amounts of these ions, 
standards must also have similar compositions. The effect of sulfate is more important 
than that of nitrate or chloride, and it is of particular note that 5000 ppm of sulfate 
produce almost no interference while 100 ppm produce a significant decrease in 
sensitivity. 

Organic solvents 

A study was made of the effect of organic solvents on the determination of scan- 
dium by atomic absorption. Standard instrument operating conditions were used, 
and aqueous samples containing 50 ppm of scandium (as chloride) and varying 
amounts 

TABLEIL-THEEFFECTOFORGANICSOLVENTS ON 

THEDETERMINATIONOFSCANDIUM 

Solvent % alo Absorbance 

J&O 100 0.243 

Acetone 10 0.285 
25 0.280 
50 0.152 
75 0.059 

Methanol 10 0.280 
25 0.305 
50 0.350 
75 0.430 

Ethanol 10 0.302 
25 0331 
50 0.370 
75 0.425 

of acetone, methanol and ethanol were measured. Results are shown in Table II. 
It can be postulated that the decrease in sensitivity found for 50 and 75% acetone 
solutions is due either to increased ionization of scandium atoms or oxide formation 
in the highly luminous flame. 

Effect of potassium and ammonium ions 

Potassium2 and ammonium3 ions are frequently usedin atomic absorption spectros- 
copy to increase sensitivity by decreasing flame ionization of the metal to be deter- 
mined. The effect of these cations on the determination of scandium is shown in 

5 
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TABLEIIL-THEEFFECTOFPOTASSIUMAND 
AMMONIUMIONSONTHEDETERMINATION 

OFSCANDIUM 

Ion added Concn. ppm Absorbance 

None - 0.233 

Potassium ;E 0.276 
0.276 

5ooo 0.281 
10000 0.292 

Ammonium 1000 0.268 
5ooo 0.300 

loo00 0.310 

Table III. All solutions contained 50 ppm of scandium as the chloride. It should be 
noted that although 1000 ppm of potassium enhance the absorbance significantly, 
more has little additional effect. 

Cation effects 

The effect of various cations was studied by measuring the absorbance of solutions 
containing 25 ppm of scandium and varying concentrations of other elements as 
chlorides and is shown in Table IV. In general, more oxidizing flame conditions are 
required for maximum absorbance as the amount of other cations present increases. 
Exceptions were noted in the case of rare earths or aluminium where no change in the 
gas ratio is necessary. In fact, in the presence of lanthanum, more fuel-rich conditions 
are desirable. The effect of 1000 ppm of potassium in suppressing the interference of 
cations is also shown in Table IV. Lanthanum was tried as an interference-suppressant 
but unsuccessfully; of the ions tested, only potassium was effective in this respect. 

It is evident from the data in Table IV that for precise determinations of scandium 
it is necessary to synthesize standards which are similar to the samples. This is 
particularly true for the determination of small amounts of scandium in the presence 
of major amounts of other elements. Particular note should be taken of the fact that 
potassium significantly reduces the interference of aluminium. 

The influence of burner height on cation interference was determined by measuring 
the absorbance at different heights in the flame of solutions containing 25 ppm of 
scandium and varying amounts of AP+, Cr3+, Fe3+, Co2f, and Ni2+, all added as 
chlorides. Results shown in Table V indicate that the interference of C?+, Fe3+, 
Co2f and NW in scandium measurement is more severe in the higher regions of the 
flame but that aluminium interference is reduced. Measurement in the higher regions 
of the flame resulted in a 50% reduction in sensitivity and necessitated the use of 
extremely fuel-rich conditions, markedly increasing the amount of deposits collecting 
in the burner and causing it to become plugged more frequently. 

Application to speciJic alloy systems 

No certified reference samples are available which contain known amounts of 
scandium in the range 0.01-l %; consequently, a series of samples was prepared by 
dissolving scandium-free materials and adding to them known amounts of scandium. 
The materials selected for study were NBS 86~ (Al-base, 7.9 % Cu, 1.5 % Zn, 0.9 % Fe), 
NBS 171 (Mg-base, 3.0% Al, 1.0% Zn, 0.5% Mn), NBS 349 (Ni-base, 19.5% Cr, 
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TABLEN.-THEEFFEC~OFOTHERCATIONSONTHED ETBRMINATIONOP 

SCANDIUM 

Cation added Concn. ppm 
Absorbance 

No KC1 added 1000 ppm K added 
as KC1 

None - 0.110 0.123 

Ala+ 2500 0.023 0.115 
25000 0.012 0.033 

Ti4+ 2500 0.092 0.146 
6250 0.085 0.135 

crS+ 2500 0.112 0.133 
25000 0.088 0.110 

125OGU 0.031 0.043 

Fe*+ 2500 0.110 0.125 
25000 0.060 0.106 

125000 0.016 0.030 

co’+ 2500 0.119 0.136 
25000 0.077 0.129 

125000 0.027 0.045 

Ni’+ 2500 0.128 0.136 
25000 0.100 OG90 

125000 0.035 0,035 

CU*+ 2500 0.132 0.150 
25000 0104 0112 

125000 0.087 0.102 

Ya+ 2500 0.148 0.155 
12500 0.168 0.165 

Las+ 2500 9155 0.159 
25000 0.162 0.172 

Pfl+ 2500 0.152 0.160 
6250 0.157 0.165 

Nd*+ 2500 0.155 0.157 
6250 0.158 0.162 

Th”+ 2500 0.138 0.160 
12500 0.152 0.168 

uo**+ 2500 0.116 0.139 
6250 0118 0.129 

TABLE V.--THE INFLUENCEOFBIJRNERHEIGHTON CATIONINTERFERENCE 

\ Cation 
\ added Absorbance 

Burner 
\ 

Ala+ C?+ Fe’+ cos+ Ni’+ 
height setting None 25OOppm 25OOOppm 25000ppm 25OOOppm 25CQQppm 

7 0.110 0022 0.083 0.051 0,061 0.076 
1; 0.106 0.093 0023 0029 OG64 0.033 0.028 0.020 0,029 0017 0.015 0*@40 

13 0.082 0.033 0.018 - - - 
;; 0.065 0.063 0.045 0053 - - - - - - - - 

21 0.062 0.053 - - - - 
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TABLE VI.-LIMITING SENSITIVITY FOR SCANDIUM 
BY ATOMIC ABSORPTION 

Concentration of scandium, 
Sample % 

NBS 86c (Al-base) 0.01 
NBS 171 (Mg-base) 0.005 

NBS 349 (Ni-base) 0.02 
NBS 160a (Fe-base) 0~005 

Misch metal O+OI 

14.0% Co, 4.0% MO, 3.0% Ti, 1.2% Al), NBS 160a (Fe-base, 18.7% Cr, 141% Ni, 
2.8 % MO, 1.6 % Mn) and misch metal. The limiting sensitivity for scandium in these 
materials, expressed as that concentration of scandium in the metal sample which will 
produce 1% absorption, is shown in Table VI. The controlling factor in most cases 
was the viscosity of the solution aspirated which was caused by the high salt content. 
This high salt content also caused the burner to become blocked rapidly by deposition 
of salts, an effect that could be reduced, with only a slight loss in sensitivity, by 
dilution with an equal volume of ethanol. 

The preparation of samples for analysis is summarized below. 

Alum&&m-base alloys. Dissolve with hydrochloric acid (1 + l), adding 30% hydrogen peroxide 
as needed, then evaporate just to dryness on a hot-plate. Add water, warm to dissolve salts, cool, and 
dilute to volume after adding sufficient ethanol and potassium chloride to give final concentrations 
of 50 % v/v ethanol and 1000 ppm of potassium. 

Magnesium-base alloys. Dissolution procedure and final solution conditions as for aluminium- 
base materials except that no peroxide is required. 

~i~~el-b~e alloys. Dissolve the sample in aqua regia, and evaporate just to dryness on a hot-plate. 
Add surricient hydrochloric acid to give a final concentration of 10 % v/v, heat to dissolve salts, cool 
and dilute to volume after adding ethanol and potassium chloride as for aluminium-base alloys. 

Iron-base alloys. Identical procedure to that for nickel-base materials, except that no hydrochIoric 
acid is added before dilution of the sample. 

Misch metal. Dissolve samples in dilute hydrochloric acid, cool, add sufficient potassium chloride 
to make the final potassium concentration 1000 ppm. Dilute to volume but do not add ethanol. 

For the most precise work the standards should have very similar compositions to 
the samples, the permissible variation in concentration of any component being 
limited to f 10%. The standard addition method is particularly useful, as shown by 

the results in Table VII. 

TABLE VII.-SCANDIUM DETRRMIN~D BY STANDARD 

ADDITION TECHNIQUE 

Sample 

NBS 86~ 
NBS 171 
NBS 349 
NBS 160a 
Misch metal 

SC added, % SC recovered, % 

O*lOO 0.110 
0*050 O*OSl 
O*iOO 0.098 
0*050 0050 
O-100 0098 



Determination of scandium by atomic absorption 

Resume-On a effectue une etude complete du dosage du scandium par 
absorption atomique. En plus des variables instrumentales comme la 
hauteur de flamme, la largeur de fente et l’intensite de la lampe, on a 
Btudie un certain nombre de variables de la solution, incluant l’intluence 
d’anions (chlorure, sulfate, nitrate et fluorure), de solvants organiques 
et d’autres metaux sur le dosage du scandium. On a Btabli des conditions 
types pour la detection de faibles quantites de scandium dans une 
large variete de produits comprenant des alliages complexes de fer, 
nickel, aluminum, magnesium, et les terres rares. 

Zusammenfassung-Die Scandiumbestimmung durch Atomabsorption 
wurde eingehend untersucht. AuBer den instrumentellen Parametem 
wie Flammenhiihe, Spaltbreite und Lampenstrom wurden einige 
Parameter der Wsung untersucht, wie Anioneneintlulj (Chlorid, 
Sulfat, Nitrat, Fluorid), organ&he Liisungsmittel, Fremdmetalle. 
Standardbedingungen zur Bestimmung kleiner Scandiummengen in 
vielen verschiedenen Materialien wie komplizierten Legierungen von 
Eisen, Nickel, Aluminium, Magnesium und seltenen Erden wurden 
ermittelt. 
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ADSORPTION OF CATIONS FROM FORMIC ACID 
SOLUTIONS ON STRONG ACID CATION-EXCHANGE 
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SEPARATION OF ZIRCONIUM FROM THORIUM AND FROM 
GALLIUM 

MOHSIN QURESHI, WAQIF HUSAIN and A. H. ISRAILI 
Department of Chemistry, Aligarh Muslim University, Afigarh, India 

(Received 14 August 1967. Revised 17 January 1968. Accepted 16 February 1968) 

Summary-The adsorption of Pb(II), CutJI), Bi(III), Cd(H), Mn(II), 
Co(H), Ga(III), Y(III), Zr@V) and Th(IV) from aqueous solutions of 
formic acid on cation-exchanger Dowex SOW-X8 has been studied. 
Ekctrophoretic measurements have aiso been made. Possible separa- 
tions are suggested and discussed. Zirconium may be quantitatively 
separated from thorium and from gallium. 

FORMX acid is known to form complexes with many metal ions,l-* and use has been 
made of some of them to facilitate separations. Korkisch and Urabay4 have shown 
that uranium can be separated from copper, lead and gadohnium on anion-exchange 
resin with 1:9 formic acid-methanol for the first two separations and 1:9 formic 
acid-isobutanol for the last. However, only a few studies on the adsorption of metal 
formate complexes on cation-exchange resins have been reported2Bs*6 and the present 
work aimed at a more detailed study of this field, resulting in some interesting possi- 
bilities for separations. Among these was the quantitative separation of zirco~um 
from thorium and from gallium. 

Reagents 
EXPERIMENTAL 

Ion-exchange resin. Air-dried Dowex SOW-X8 (100-200 mesh) in the Na+ form was used, con- 
verted into the H+ form by washing with 3&f hydrochloric acid, washing with water, and drying in 
air. 

Standard metal solutions, OOSM. 
in demineralized water. 

Prepared from the chlorides or nitrates of the metals, dissolved 
When necessary, the minimum amount of hydrochloric or nitric acid was 

added to prevent hydrolysis. 

Apparatus 

For the electrophoretic studies, an instrument made by Eastern Laboratory Instruments (India) 
was used. 

Determination of the metal ions 
All the metal ions were determined titrimetricahy with standard 0@02MEDTA, suitable indicators 

being used. 

Determination of distribution coeflcients 

The batch equilibrium method was used to determine the coefficients according to the relationship 

Ka. = pg of eIement per g of resin 
pg of element per ml of solution 

To 0.5 ml of test solution and 24.5 ml of formic acid of the desired molarity (@Ol-l*OM) in a lOO-ml 

789 
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conical flask was added 05 g of air-dried resin in the H+ form, and the mixture was agitated in a 
water-bath at 30 rt_ 1” for 3 hr. The mixture was then filtered, and the element determined in the 
filtrate. 

Separation of zirconium and thorium 
A slurry of 2.2 g of resin in water was poured into a 1.05cm diameter column, giving a height of 

5 cm. The resin was converted into the H+ form by washing with about 50 ml of 3M hydrochloric 
acid, then washed with water. The column was saturated by passage of 50 ml of O*OSMformic acid, 
and then the mixture of zirconium and thorium was added (in O.OSM acid). The zirconium was eluted 
by passing more O*OSMformic acid through the column, at a flow rate of 14 ml/min. Rather more 
eluent was run through than was required, then the column was washed with 10 ml of water. The 
thorium was eluted with 3~0Msulphuric acid at a flow-rate of 1.5 ml/min. The effluents were collected 
separately, and the metal ions determined. 

TABLE I.-QUANT~TA~~E SEPARA~ON OF ZIRCONIUM AND THORIUM 

Volume of effluent 

Eluent A, . Eluent B, 
O-05M 3.OM 

HCOOH H,SQb 

Zirconium Thorium 

taken, found, taken, found, 
mg mg “zg “zg 

120 215 0.32 0.32 1.03 0.97 
125 180 0.41 0.40 0.57 0.58 
125 215 0.41 0.40 1.14 1.15 
125 180 0.61 0.60 0.57 0.58 
125 215 0.61 0.61 1.14 1.14 
125 180 0.82 0.82 0.57 0.60 
125 215 0.82 0.82 1.14 1.15 
140 215 1.02 1.03 1.14 1.15 

Separation of zirconium andgallium 
A slurry of 1 g of air-dried resin in water was poured into a column of diameter 0.9 cm, and 

converted into the H+ form. Mixtures of zirconium and gallium in 0*05M formic acid were passed 
through the column at a flow-rate of 3.5 ml/min. The gallium was strongly adsorbed and the zir- 
conium passed straight through. Gallium was subsequently eluted with 1.3M hydrochloric acid at a 
flow-rate of 1.5 ml/min. 

TABLE II.-QUA~WTA~VE SEPARA~ON OF ZIRCONIUM AND GALLIUM 

Volume of effluent 

Eluent A, Eluent B, 
0.05M 1.3M 

HCOOH HCI 

Zirconium Gallium 

taken, found, taken, found, 

mg mg mg mg 

200 220 1.53 1.52 3.76 3.76 
215 205 2.04 2.04 2.63 262 
225 220 2.55 2.55 3.76 3.76 
225 200 2.55 255 1.88 1.88 

Electrophoresis 
Whatman No. 1 paper sheets were cut into strips 4 x 36 cm, and the strips were allowed to sat- 

urate in the tank with the formic acid solution. The metal ions were aunlied at the middle of the 
paper, the tank was closed and a potential of 200 V was applied for 3 hr.- The strips were then dried 
in an oven, and the metal ions detected by dipping into suitable reagent solutions. 

RESULTS AND DISCUSSION 

The adsorption behaviour observed for the various elements is summarized in Fig. 
1 as a plot of the distribution coefficient I& vs. molarity of formic acid. TotaI ads. 
denotes an element not detected in the solution after equilibration with the resin. The 
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results of the electrophoresis experiments are summarized in Table III. It is clear 
that positively charged complexes are formed for all the ions with the exception of 
zirconium, which seems to have a negative charge. 

Magnesium, zinc, bismuth and yttrium are all partially adsorbed, and the variation 
in Kd with formic acid concentration suggests that more than one ionic species is 
present for each metal ion. The electrophoretic experiments would seem to support 
this. 

Molority of HCOOH 

FIG. I.-Adsorption of cations from HCOOH solutions. 

&ad behaves very differently from manganese and cadmium which are rather 
strongly adsorbed, and a separation of lead from these two would seem possible, 
particularly in more concentrated formic acid solutions. 

Cobalt, copper, gallium and thorium are all very strongly adsorbed over the whole 
range of acid concentrations studied. 

Zirconium, thorium and gallium have already been discussed, and the separations 
studied (Tables I and II). The behaviour of zirconium in acid solutions (nitric, 
perchloric, and sulphuric) has been studied by Lister and McDonald’ who found 
evidence for both anionic and cationic species containing zirconium. The adsorption 
and electrophoresis studies reported here would support the assumption that anionic 
species exist in formic acid solutions. 

,&knowledgement-The authors express their gratitude to A. R. Kidwai and S. M. F. Rahman for 
research facilities and for their interest in the work. 

Zusammenfassung-Die Adsorption von Pb(II), Cu(II), Bi(III), Cd(U), 
Mn(II), C&II), Ga(III), Y(III), Zr(IV) und Th(IV) aus wabrigen 
Ameisensaurel6sungen an dem Anionenaustauscher Dowex 5OW-X8 
wurde untersucht. Auch elektrophoretische Messungen wurden 
gemacht. Trennungsmbglichkeiten werden vorgeschlagen und diskut- 
iert. Zirkonium kann quantitativ von Thorium und Gallium getrennt 
werden. 
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R&mm&On a 6tudi6 l’adsorption de Pb(II), Cu(II), Bi(III), Cd@), 
Mn(ID. Co(H). Ga(II1). Y(IID. Zr(M et Th(IV) sur l%chaneeur . ,, . ,_ 
cationique Dowex 5&VlX8 ‘a ‘pa& de solutions’aqueuses d’a%de 
formique. On a egalement effectd des mesures &ctrophor&iques. 
On suggere des separations possibles et en discute. On peut &parer 
quantitativement le zirconium du thorium et du gallium. 
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COLORIMETRIC DETERMINATION OF NITRITES 
WITH p-DIAMINODIPHENYLSULPHONE-DIPHEN- 

YLAMINE AS REAGENT 
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Negev Institute for Arid Zone Research, Beersheva, Israel 
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Summary_Diaminodiphenylsulphon~iphenylamine is used in a 
new calorimetric method for the determination of nitrite over a range 
of O-1-25 mg/l. at pH 1.8 and O-22-0-4 mg/l. at pH about 0.1. The 
coloured solutions are stable, follow Beer’s law and are suitable for 
determination of traces by visual comparison. The method is selective 
and neither chlorine nor nitrogen trichloride gives similar colour 
reactions. 

ALTHOUGH many investigations have been made to find an adequate method for 
determination of small amounts of nitrites and their precursors, the generally accepted 
and applied method is the calorimetric method based on the Griess reaction,l as 
developed by Ilosvay about 90 years ago. The original method has been re-examined 
and modified by several authors. 2-7 The Griess-Ilosvay procedure modified by 
Weston4 predominated for many years, but more recently the modification by Rider 
and Mellon5 has become the standard procedure. A review by Sawicki et aL8 which 
compares 52 spectrophotometric methods for nitrite determinations concludes that 
“better analytical methods are needed for the analysis of nitrites and their precursors”. 
The advantages of the method presented here are high sensitivity, accuracy, wide 
range, lack of photosensitivity, conformity to Beer’s law, and simplicity. This 
method is specially suited for field use, because the reaction can be carried out at the 
site, and the reading taken in the laboratory several days or even weeks later. 

EXPERIMENTAL 

Reagents 
p-DiaminodiphenylsuIphone, DDS. A commercial (Fluka) sample was purified by recrystallization 

from hot 50 % aqueous ethanol. 
20 % w/v of citric acid. 

The reagent was used as a @2 % solution in 96 % ethanol containing 

Diphenylamine solution. A 0.04 % solution in 96 % ethanol containing 20 % w/v of citric acid. 
Perchloric acid (60-70 %). 
Standardnitrite stock solution. A 0.3 % solution of sodium nitrite, made alkaline with a few drops 

of 1M sodium hydroxide. The solution is standardardized with permanganate and diluted with 
nitrite-free water to give a standard solution containing 2.46 g of sodium nitrite/l., corresponding to 
500 ppm of nitrogen. The solution should be stored in a refrigerator; chloroform may be added as a 
preservative. Working standards are prepared by suitable dilution with nitrite-free water. 

Other reagents and solvents used were reagent grade. 

Procedures 
At pH 1.8. Mix equal volumes of DDS and diphenylamine solutions to give a mixed reagent 

solution, which remains colourless and stable for several months. Add 5 ml of the mixed reagent 
solution to an equal volume of sample solution containing 0.5-123 mg of nitrite nitrogen and mix. 
Allow to stand at room temperature for at least 1 hr and measure the absorbance of the solution in a 
l-cm cell at 450 nyl against a blank of equal volumes of water and 20% citric acid in ethanol. Deter- 
mine the nitrite content of the sample from a calibration curve prepared by treating known amounts of 
nitrite according to the procedure. Determinations can be made with up to 10 ppm nitrite nitrogen 
without dilution, as no precipitation occurs even at high concentrations (0*2-cm cell). 

795 
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The colour is fullv developed within an hour. Beer’s law is obeyed and the molar absorptivity is 
15 x 1W mole-l. cm;. L 

_ - 

AtpH@l. Add O-75 ml of DDS solution to a lO-ml sample containing O-2-4 ,ug of nitrite nitrogen 
and mix. Let the solution stand for 3-10 min and then add 0.75 ml of diphenylamine solution, mix 
and allow to stand at room temperature for about 30 min. Add 1 ml 03 perkhloric acid and mix. 
Maximum colour intensity is obtained in 4-5 hr after addition of the acid. Measure the absorbance in 
a l-cm cell at 520 w against a blank of a mixture of 10 ml of water, 1.5 ml of 20% citric acid in 
ethanol and 1 ml of perchloric acid. Determine the nitrite content of the sample by means of a cali- 
bration curve, prepared in the usual way. 

The colour intensity remains constant for several weeks in darkness or several days in daylight. 
Beer’s law is followed. The molar absorptivity is 55 x lo8 mole-l cm*. 

The absorption spectra of the reaction products in both working procedures are shown in Fig. 1. 

FIG. I.-Absorption spectra of the reaction products, (a) at pH 1.8, (b) at pH 0.1. 

Colour reaction 

RESULTS AND DISCUSSION 

The reaction is summarized by the following equations : 

HzN-(==&-NH~ + 2NOp- + 4H+ 

-N&--($~&N+4Hz0 

0 yellow 

N=N-/ \-$ / \_ E ;6) i-0 N N+20-NH-@ 

+ 2H+ 
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The final reaction product is probably bisdiphenylamino-4,4’-diazodiphenyl- 
sulphone, an acid-base indicator which changes its colour between pH O-6 and 1.2, 
from apricot yellow to reddish violet; it is stable under acid conditions. The acid and 
base forms have different molar absorptivities at L,,,, which accounts for the differ- 
ence in sensitivity between the two methods. 

Factors which a$ect the colour development 

According to the equations above, 2 moles of nitrite react with 1 of DDS and 2 
of diphenylamine, but experimentally it has been found that the successful determina- 
tion needs a large excess of the diazotizing agent and some excess of the coupling 
agent. 

The most favourable diazotizing conditions were found at a pH of about 1.8. 
This pH is yielded by the high concentration of citric acid in the reagents and it is 
therefore not normally necessary to adjust the pH of the samples. When volumes of 
05, 1.0,2*0, and 5 ml of DDS solution were added to lO-ml samples with concentra- 
tions between 1 and 5 ppm nitrite nitrogen, and the absorbance of the pale yellow 

TABLET .-ACCURA~YANLI PRECISIONOFDETERMINATIONOP 
NITRITE BY PROCEDURE AT pH l-8 

N found, 

N taken, ppm average, ppm max. dev., ppm 

0.100 0098 0405 
0.250 O-251 0408 
o-500 O-505 0.015 
I*00 1.00 0.02 
2.00 1.99 0.05 
2.50 2.53 0.07 

diazotization product (at 378 rnp) was measured as a function of time, it was found that 
maximum colour development was obtained in 3 min and the colour was stable for 
10 min. Afterwards the mixture became turbid. The diazotization experiments were 
repeated at temperatures between 10 and 40”, without effect on the results. The 
coupling process is also independent of temperature between 10 and 40”, but the 
colour develops more quickly at higher temperatures. It was found that the order of 
addition of reagents did not affect the colour development. 

Two different working procedures have been described, differing only in the amount 
of the reagents and the pH. The first procedure is simple, precise and relatively quick. 
It is applicable to larger quantities of nitrites (O-l-2.5 ppm as nitrogen). The second 
procedure is more sensitive and thus suitable for determination of minute quantities of 
nitrites. As little as 1 ppM nitrite nitrogen can be estimated visually by comparison 
with standards (1 ppM = 1 in log). 

Procedure at pH 1.8 

Table I shows the average value and maximal deviation for five consecutive nitrite 
determinations. 
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Procedure at pH 0.1 

Full colour development is obtained slowly at room temperature under strongly 
acidic conditions. Readings can only be taken several hours after starting the deter- 
mination. A standard solution of nitrite (O-2 ppm N) was analysed by the procedure, 
(a) at room temperature, and (b) by starting at room temperature and heating the 
reaction mixture without the acid for 5 min in a boiling water-bath and cooling 
immediately. Readings were first taken after 45 min and thereafter every hr. 

The results (Fig. 2) show that heating increases the rate of the reaction at the 
expense of sensitivity. The accuracy and precision are not affected, so heating is 
recommended if speed is desired and the loss of sensitivity is not important. 

i 
IjII / I I I I 1 I I I I 1 I 

1 2 3 4 5 6 7 8 9 IO II 12 

Time. hr 

FIG. 2.-Absorbance as function of time for procedure at pH 0.1, (a) at room tempera- 
ture, (b) with heating, 0.2 ppm N. 

Diazotization and coupling can procede simultaneously if DDS and diphenylamine 
are added simultaneously or as a mixture, but the reaction is quicker when the 
recommended procedure is followed. The colour can also be developed by the 
simultaneous addition of the reagents and the acid in the proportions indicated, 
but the colour development is slower and the intensity approximately 15 % less than 
in the normal procedure; the reagent mixture is less stable and becomes discoloured 
after a few days. 

After the addition of the acid (in the recommended procedure) a further increase 
in intensity occurs and the full colour development is obtained only after several hr. 
The colour turns reddish-violet below pH O-6 but the maximal intensity is obtained in 
higher acid concentration. 

The effect of different inorganic acids was examined. The best results were obtained 
with perchloric acid, but almost the same intensity is obtained with 25 ‘A hydrochloric 
acid. The intensity and colour stability are lowest in sulphuric acid medium. 
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Table II shows the results for five consecutive nitrite determinations on each of 7 
standard solutions of nitrite. 

TABLE II.-A~~IJRA~Y AND PRECISION OF PROCEDURF~ AT 

pH 0.1 

Taken, ppm 

N found, 

average,ppm max. dev., ppm 

0.020 0.019 0.002 

Owl o-039 O*OOl 

O-080 0.081 0003 

0.200 O-200 @003 

0.280 0282 o-002 

O-320 0.317 0002 

0400 0.394 0.006 

E$ect of light 

The absorbance of the fully developed coloured products was measured at the 
usual time after development and after the solutions had been kept (a) in darkness 
for 1 month, (b) exposed to diffused daylight for 1 week, (c) exposed to direct sunlight 
for 2 hr. No absorbance changed by more than 2 %. This is a considerable improve- 
ment on the Griess-Ilosvay reaction.12 

Interferences 

The following ions do not interfere, when present in lOOO-fold molar excess over 
nitrite (0.66 ppm): ammonium, barium, calcium, iron(III), lead, lithium, magnesium, 
manganese(II), mercury(H), nickel, potassium, sodium, strontium, zinc, acetate, 
benzoate, borate, citrate, cyanide, fluoride, formate, lactate, molybdate, nitrate, 
oxalate, perchlorate, persulphate, phosphate, pyrophosphate, salicylate, sulphate, 
silicate, tartrate, trichloracetate, and thiocyanate. 

The presence of aliphatic amines, strong reducing and strong oxidizing agents in 
nitrite samples is unlikely because of chemical incompatibility. Chlorine and nitrogen 
trichloride exclude the presence of nitrite, but they will be determined as nitrite by the 
Griess-Ilosovay reaction. In the proposed method they give rise to a different 
colour; equal volumes of sample and the mixed reagent develop a greenish yellow 
colour, which turns green on addition of acid, indicating the presence of chlorine. 
In the presence of copper the results are low. Vanadate brings about a colour change. 

Interference by coloured substances may usually be avoided by using as a blank a 
mixture of the coloured sample solution with ethanolic citric acid solution instead of 
the mixed reagent. 3 

Applicability and comparison with other methodr 

The reagent mixture is applicable for detection of traces of nitrites. The high 
sensitivity and the specific nature of the reagent make it suitable for qualitative analysis 
also. The sensitivity and range of applicability of the methods proposed are compared 
with other procedures, in Table III. 

I3 
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Zusammenfass~-Diamiinodiphenylsulfon-Diphenylamin wird bei 
einer neuen kolorimetrischen Methode zur Bestimmung von Nitrit 
im Bereich von O,l-2,5 mg/l bei pH 1,8 und 0,22-0,4 mgll bei einem 
pH von etwa 0,l eingesetzt. Die gefarbten Liisungen sind stab& 
befolgen das Beersche Gesetz und smd zum Spurennachweis durch 
visuellen Vergleich gee&net. Die Metbode ist selektiv: weder Chlor 
noch Stickstofftrichlorid geben Bhnliche Farbreaktionen. 

R&sarn&Gn utilise la diaminodiphenylsulfonenediphenylamine dans 
une nouvelle methode colorim&rique pour le dosage du nitrite dans 
des domaines de O&2,5 mg/l a pH 1,8 et de 0,22-0,4 mg/l a pH 
environ 0,l. Les solutions color&es sont stables, suivent la loi de Beer 
et conviennent au dosage de traces par comparaison visuelle. La 
methode est selective et ni le &lore ni le trichlorure d’azote ne donnent 
de reactions color&s semblables. 

1. P. Griess. Bet-.. 1879,12,426. 
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LOCATION AND ANALYSIS OF 2-DEOXY SUGARS 
ON CHROMATOGRAMS AND PHEROGRAMS BY 

FLUORESCENCE 
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Summary-A group of new reagents for the location of 2-deoxy sugars 
is introduced. A representative reagent is 4’-aminoacetophenone, 
which gives a green trimethine fluorogen with at least 0.5 pg of 
2-deoxyribose, 2-deoxygalactose, or Zrdeoxyglucose under neutral or 
slightly acidic conditions and the orange fluorescent anion under 
alkaline conditions at a lower Iimit of ~5 ,ug. Reagents such as 
2-t~ob~bit~ic acid, ~Iin~phenyI~ne, and 2,4pentanedione 
give vivid fluorescent colours with these sugars. ~il~~iphenyl~ine 
reagent was a useful ffuorescent agent for locating the purine nucleo- 
sides and nucleotides and DNA. A new attachment for the spectropho- 
tofluorimeter has been evaluated. With this attachment fluorescence 
excitation and emission spectra are obtained directly from paper, 
glass fibre, or thin-layer chromatograms and pherograms in sizes up to 
20 x 20 cm. Glass plates are handled as readily as paper chromato- 
grams. The Biuorescence spectra of the various fluorogens produced 
after separation were readily obtained directly from the chromatogram 
or pherogram. 2-Thiobarbituric acid and 4’-aminoacetophenone 
offered the greatest potentiaI for future application to characterization 
and assay of 2-deoxy sugars. The aniline-diphenylamine procedure was 
the most useful for analysis of purine nucleosides and nucleotides and 
DNA. These various reagents show potential for application to air 
pollution studies in terms of location, characterization and assay of 
Zdeoxy sugars and their derivatives. 

STRONG evidence has been obtained that a Iarge proportion of the organic airborne 
part&dates consists of polyhydroxy organic compounds. These are mainly furfmal 
precursors1 and cr-glycollic derivative9 of various types. More selective and sensitive 
characterization of these compounds would require separation, location and fluori- 
metric ex~na~on. Many separation methods for these compounds are available in 
the literature; however, since the compounds are neither coIoured nor fluorescent, 
location methods are required. 

Among the polyhydroxy compounds the 2-deoxy sugars are of special importance, 
mainly because 2-deoxy-D-ribose with phosphoric acid makes up the backbone of 
DNA, the genetic material of all life forms. Pre-viral, viral and viral-breakdown 
mate~a~s couId be expected to be an important source of atmospheric DNA and its 
possible decomposition products. These sugars have been determined colorimetricalty 
with diphenylamine, a 3,Sdiaminobenzoic acid,* tryptophan,6 xanthydrol,a thio- 
barbituric acid,’ and MBTH.2 
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The available methods for locating 2-deoxy sugars on paper chromatograms mainly 
consist of direct reaction with a reagent or oxidation with periodic acid followed by 
reaction with an appropriate reagent. Examples of the fhst type are reaction of the 
sugar with a methanolic solution of boric and hydrochloric acids to give greyish-blue 
spots with purple fluorescence,8 or reaction with vanillin.g The oxidative methods 
consist of oxidation of the 2-deoxy sugar to malonaldehyde followed by reaction with 
nitroprusside and piperazine, thiobarbituric acid ,l”*ll or p-nitroaniline.12 

In this paper various methods for the location and characterization of 2-deoxy 
sugars are introduced, compared with literature methods, and investigated for 
fluorimetric use. 

EXPERIMENTAL* 

Reagents 

The various carbohydrates, in purest form, were obtained from commercial sources. p-Nitro- 
aniline, 4’-aminoacetophenone, 4,4’diaminodiphenylsulphone, ethyl paminobenzoate, thiobar- 
bituric acid and diphenylamine were obtained commercially, and before use were recrystallized until 
they gave a constant melting point. Aniline was distilled over zinc before use. 2,CPentanedione was 
used as obtained. 

An Aminco-Bowman spectrophotofluorimeter equipped with a solid sample accessory was used 
with the following settings: sensitivity 50, phototube RCA type lP21, and an appropriate slit arrange- 
ment for reasonable sensitivity and resolution. 
photofluorimetry has been discussed. 

Pretreatment of chromatograms before direct spectro- 
Is Pherograms were examined in the same fashion as chromato- 

pIIllS. 

With the solid sample accessory the chromatogram or pherogram must be cut into small pieces 
before fluorimetric examination is possible. For this work the Am&o motorized thin-fihn scannerwas 
modified with a prototype attachment (available from Aminco) that eliminates the glass fibre optics. 
With this modification, fluorescence excitation and emission spectra in the ultraviolet and visible 
regions can be obtained directly from the chromatogram or pherogram. 
can be used. 

Plates as large as 20 x 20 cm 
In the scanner equipped with glass fibre optics, light passes through the chromatogram 

or pherogram and through the glass fibres. Consequently, any fluorescence of these parts becomes 
background or blank fluorescence. With the prototype attachment quartz optics are used and light 
reflected off the chromatogram or pherogram does not come into contact with glass. Thus, a fluores- 
cence spectrum with much less background interference is obtained, and any fluorescent spot separated 
on a chromatogram or a pherogram can be scanned at appropriate excitation and emission wave- 
lengths. 

Fluorimetric examination of chromatogram or pherogram 

A piece of glass, plastic, or paper approximately 1 cm square is cut out of the chromatogram or 
pherogram. The adsorbent face is covered with a piece of black plastic (1 x 5 cm) containing a slit 
2.5 mm sauare through which the suet is illuminated bv the excitation lieht. This assemblv is fastened 
with a pi&e of tape. “The dry spot i’s fumed with trifluoroacetic acid fur&s. The assembliis placed in 
the sample compartment with the uncovered spot perpendicular to and facing the light beam from 
the excitation monochromator. The excitation and emission spectra are obtained. A blank run is 
made on an uncontaminated area (of the pherogram or chromatogram) with the same R, value as 
standard or unknown. 

With the scanner containing the prototype attachment, fluorescent spots on a 20 x 20 cm plate 
can be readily examined so as to obtain their emission spectra. 

Spray solutions 

Periodate. Aqueous sodium periodate, 0.02M. 
Periodic acid-y-collidine. Periodic acid (0.67 g) and ycollidine (2 ml) dissolved in methanol 

(98 ml). 
4’-Aminoacetophenone. Alcohol (1 %)-concentrated hydrochloric acid solution (4: 1, v/v). 

Other amine spray solutions that were used were of similar composition, the amines used including 

* Mention of commercial products does not constitute endorsement by the Public Health Service. 
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4,4’-diaminodiphenylsulphide, 4,4’diaminodiphenylsulphone, ethyl p-amlnobenwate, and p-nitro- 
aniline. 

Aniline-dphenylamine. Ten volumes of a solution of 1 ml of aniline and 1 g of diphenylamine in 
100 ml of acetone were mixed with 1 volume of 85 % nhosnhoric acid. 

2&Pentanedione. Ammonium acetate (15 g), 2-&pe&anedione (1 ml) and glacial acetic acid 
(0.3 ml) diluted to 100 ml with methanol. 

Dip solutions 

Periodic acid. Aqueous HJOd solution (2.28 ‘&-acetone (1: 20 v/v). Mix immediately before use. 
Alkaline solutions. A 10% solution of 1M methanolic tetra-n-butylammonium hydroxide in 

dimethylformamide. Mix before use. 
4’-Aminoacetophenone. A 1% solution in 95 % ethanol containing 1 ml of concentrated hydrochlo- 

ric acid and O-056 ml of ethylene glycol. Other amine dip solutions that were used were of similar 
composition, the amines used being 4,4’-diaminodiphenylsulphone, ethyl p-aminobenxoate, and 
p-nitroaniline. 

2-Thiobarbituric acid. Dissolve 1 g of thiobarbituric acid and 0.056 ml of ethylene glycol in boiling 
ethanol and dilute to 100 ml with ethanol. 

Periodate-aromatic amine spray procedure 

Spray with periodate solution. After 6 min spray with the aromatic amine solution. Read the 
fluorescence colour under ultraviolet light and obtain the fluorescence spectra directly from the paper. 

Periodate-aromatic amine or thiobarbituric acid dip procedure 

Dip in periodic acid solution. Dry and dip into the aromatic amine or thiobarbituric acid (TRA) 
solution. Dry and heat at 60” for 1 min with the aromatic amine and for 15 min with TRA. Read 
visible colour and fluorescence. Scan or run fluorescence spectra immediately. 

Alternatively, after the heating step of the aromatic amine reaction, dip into the tetrabutylammon- 
ium hydroxide solution. Read colour and fluorescence. Determine fluorescence excitation and emiss- 
ion spectra of spot, or elute with a small volume of the alkaline solution and from its absorption or 
fluorescence spectrum assay for the deoxy sugar derivative. 

Aniline-diphenylamine spray procedure 

Spray the chromatogram or pherogram with the aniline-di~henylamine reagent. Heat at 80-90” 
in an oven for 4 min. With longer heating the cellulose plate is discoloured. Read the fluorescence 
colours or scan fluorimetrically for estimation. 

2+Pentanedioneprocedure 

Spray the chromatogram or pherogram with the periodic acid-collidine solution. Wait 10 min. 
Spray with the pentanedione solution. Wait 10 min. Heat at 95’ for 5 min. Read fluorescence 
colours. 

Mechanism 
DISCUSSION 

The reaction of malonaldehyde with aromatic amines has been investigated 
previously .14 The oxidation of 2-deoxyribose to malonaldehyde has been investigated.’ 
The final fluorogens obtained through the reaction of the aromatic amine reagents 
with 2-deoxyribose or malonaldehyde exhibit closely similar spectral properties. 
Consequently, the reactions involved in the analysis of 2-deoxy-D-ribose are believed 
to take place as shown in Fig. 1. 

2-Deoxy sugars and derivatives 

In the sodium periodate spraying methods, yellow-green to green fluorescent 
colours at limits of 0.3-l ,ug/cma were obtained in most cases for 2-deoxyribose, 
2-deoxy-galactose, 2-deoxyglucose, and deoxyinosine with 4’-aminoacetophenone, 
4nitroaniline, 4,4’-diaminodiphenylsulphone, and ethylp-aminobenzoate on paper or 
on cellulose thin-layer plates. The compounds could also be located on silica gel 
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plates with slightly higher detection limits except with p-nitroaniline, which gave 
negative results at 10 pg/cma. 

A group of reagents were investigate for possible use in the fluorescent location 
and analysis of Z-deoxy sugars and their derivatives, Table I. The aromatic amine 
reagents produced brilliant green fluorescent colours with 2-deoxyribose, 2-deoxy- 
galactose, and 2-deoxyglucose. p-Nitroaniline gave a blue-green non-fluorescent 
colour with the Zdeoxy sugars after alkaline treatment. The other aromatic amines 
gave orange to yellow fluorescent colours with the deoxy sugars after treatment with 
alkali. These ~uorescent colours in alkaline solution were much less stable than the 
neutral fluorescent colours. On a chromatogram or pherogram they were much less 

CHO 
I 

CHe 
I - 10*- 

HC-OH + HO-CCH=CH-CH=O+2HzN 
I 

HC-OH 
I 
I?H~~H 

J&/ \_ 

Q 
NH CH &I-CH=N--/ i--X - = 

OH- 0 - 
x-1 \_R-CH=CH--H=N_/ \-_x 0 

i - 0 - 
FIG. L-Reaction scheme determination of 2-deoxyribose with 4’-aminoaceto- 

phenone. 

stable than in solution. Part of this lack of stability is due to the ready elution of the 
final fluorogen by the alkaline dip reagent. This disadvantageous elution should be 
useful, however, in assaying the material by calorimetry or ffuorimetry folIowing 
elution. 

Many types of 2-deoxyribose derivatives gave negative results in the aromatic 
amine procedures. With a few of these reagents deoxyinosine gave positive results. 
With the amine reagents and the 2,Cpentanedione and 2-~iobarbituric acid reagents 
it is necessary to hydrolyse the derivatives to form free 2-deoxyribose before these 
reagents can be used successfully in the analysis of the derivatives. 

The aniline-diphenylamine reagent gave fluorescent colours with the 2-deoxy 
sugars and the purine nucleosides. The pyrimidine derivatives, such as deoxycytidine, 
deoxycytidylic acid, thymidine, and thymidylic acid gave negative results. These 
latter compounds are more difhcult to hydrolyse to 2-deoxyribose than are the purine 
derivatives. Thus, the two types of derivatives can be differentiated. 

With 2-thiobarbituric acid the 2-deoxy sugars gave a red spot with yellow fluores- 
cence. To the eye the visible and fluorescent colours of this spot were stable for weeks. 
The background changed little with time, unlike the background colour obtained with 
4’-a~noacetophenone, which darkened in a few hours. 

2-Deoxy-D-r~~~~e. Many methods have been used for the location and assay of 
2-deoxyribose. Methods introduced in this paper are compared in Table II with the 
thiobarbituric acid, aniline-diphenylamine, and 2,4-pentanedione procedures. 
Among these various methods the two that use 4’-aminoacetophenone and TBA 



T
A

B
L

E
 I.-

--
L

O
C

A
T

IO
N

 
A

N
D

 FL
U
O
R
E
S
C
E
N
C
E
 
c
o
u
3
m
*
 

O
P
 Z

D
E

~~
Y

 SU
G

A
R

S A
N

D
 TH
E
I
R
 D

E
R

IV
A

~V
E

S O
N

 PA
PE

R
 CH
R
O
M
A
T
C
G
R
A
M
S
 

A
N
D
 

P
H
E
R
O
G
R
A
M
S
 

C
om

po
un

d 
R

t A
c 

N
eu

tr
al

 
A

lk
 

R
iN

%
 

D
et

er
m

in
at

io
n 

lit
, 

pg
 a

nd
 c

ol
ou

r 
of

 f
lu

or
es

ce
nc

e*
 

R
i,S

O
, 

R
tC

O
O

E
t 

N
eu

tr
al

 
A

lk
 

N
eu

tr
al

 
A

lk
 

N
eu

tr
al

 
A

lk
 

T
B

A
$ 

C
&

N
H

, 
2,

4-
Pe

n-
 

(C
,H

&
N

H
 

ta
ne

di
on

e 

2-
D

eo
xy

ri
bo

se
 

G
(O

.5
) 

O
(5

) 
2-

D
eo

xy
ga

la
ct

os
e 

G
(0

7 
O

(7
) 

2-
D

eo
xy

 l
uc

os
e 

dg
 

G
(O

*5
) 

O
(5

) 
D

eo
xy

a 
en

os
in

e 
D

eo
xy

ad
en

os
in

e-
S-

ph
os

ph
at

e 
D

eo
xy

cy
tid

in
e 

D
eo

xy
cy

tid
yl

ic
 a

ci
d 

D
eo

xy
gu

an
os

in
e 

D
eo

xy
gu

an
os

in
e-

5’
-p

ho
sp

ha
te

 
D

eo
xy

m
os

in
e 

D
N

A
 

5-
H

yd
ro

x~
th

y~
u~

ur
a~

 
G

(0
.5

) 
T

hy
m

id
in

e 
T

hy
m

id
yl

ic
 

ac
id

 

G
(2

) 
B

G
c(

3)
 

G
(O

-7
) 

Y
(4

) 
G

(3
) 

B
G

c(
3)

 
G

(5
) 

Y
(5

) 
G

(3
) 

B
G

c(
3)

 
G

(4
) 

Y
(4

) 

G
(O

.4
) 

O
(2

) 
G

(O
.8

) 
O

(5
) 

G
(O

.8
 

O
(S

) 

Y
(O

.7
) 

Y
(O

.9
) 

Y
(O

.7
) 

Y
(I

) 
W

B
r(

@
5)

 
W

B
r(

O
-5

) 
Y

(5
) 

Y
(O

.7
) 

Y
G

W
 

Y
G

(3
) 

Y
G

(3
) 

Y
 (0

.7
) 

Y
(O

.7
) 

G
(7

) 
G

(8
) 

Y
(7

) 
Y

 (0
.7

) 
lY

(6
) 

G
(O

*8
) 

Y
c(

O
-9

) 

a,
 

P
 

* 
B

 =
 b

lu
e,

 B
r 

= 
br

ow
n,

 G
 =

 g
re

en
, 

0 
= 

or
an

ge
, 

R
 =

 r
ed

, 
W

 =
 w

hi
te

, 
Y

 =
 y

el
lo

w
. 

Y
c 

si
gn

if
ie

s 
a 

ye
llo

w
 v

is
ib

le
 c

ol
ou

r 
w

ith
 n

o 
fl

uo
re

sc
en

ce
. 

b.
 

t 
R

 =
p-

-H
,N

C
,H

,. 
21

 

$ 
Fl

uo
re

sc
en

t 
sp

ot
s 

ga
ve

 a
 p

in
k 

co
lo

ur
 w

ith
 t

he
 s

am
e 

de
te

ct
io

n 
lim

it.
 

Q
 

T
A

B
L

E
 II
.-I

&
C

A
T

IO
N

 A
N

D
 FL

U
O

~E
X

X
N

~E
 

co
ro

u~
s 

O
F 

2-
D

~o
xY

nm
os

E
 O

N
 VA
R
I
O
U
S
 M
E
D
I
A
 

A
ds

or
be

nt
 

R
t
 A

c 
N

eu
tr

al
 

A
lk

 
R

tN
O

, 
N

eu
tr

al
 

A
lk

 

Fl
uo

re
sc

en
ce

 c
oI

ou
r*

 a
nd

 d
et

er
m

in
at

io
n 

lim
it,

 y
g 

R
t,

S
O

s 
R

tC
G

O
E

t 
C

&
N

&
 

N
eu

tr
al

 
A

lk
 

N
eu

tr
al

 
A

lk
 

T
B

A
$ 

(C
&

),
N

H
 

2,
4’

-P
en

ta
ne

di
on

e 

pa
pe

r 
G

(O
5)

 
O

(5
) 

Y
(O

.7
) 

Y
(l

)*
* 

Y
G

t5
) 

G
FP

-S
ili

ca
 G

el
 

G
(2

)?
! 

B
G

c(
3)

 
G

(O
.7

 
Y

(4
) 

Y
c(

20
) 

B
G

c(
3)

 
Y

c(
15

) 
G

(“
*4

 
%

 
G

(7
) 

Y
(7

) 
Y

(6
) 

T
IC

-S
ili

ca
 

G
el

 
G

(O
.3

) 
O

(3
) 

Y
c(

15
) 

G
c(

2)
 

Y
c(

2)
 

Y
(l

5)
 

G
(2

) 
O

(5
) 

Y
(4

) 
Y

(2
) 

Y
(1

5)
 

T
IC

-C
el

lu
lo

se
 

G
(O

.3
 

O
(4

) 
G

(3
) 

B
G

c(
3)

 
G

(@
9)

 
Y

(O
-9

) 
G

(O
.7

) 
Y

O
@

-7
) 

Y
(1

.3
) 

* 
C

ol
ou

r 
de

fi
ni

tio
ns

 a
s 

in
 T

ab
le

 I
. 

i 
is

: 
$m

%
%

I~
t 

sa
m

e 
de

te
ct

io
n 

lim
it.

 
ll 

O
n

 p
ap

er
 F

 4
55

15
05

, 
* +

 O
n 

pa
pe

r 
F 

45
5,

47
0/

52
5,

 
s 



808 E. SAWICKI, C. R. ENGEL, W. C. ELBERT, and K. GERLACH 

reagents appear to offer the greatest potential for further development and applica- 
tion. These two reagents gave the most vivid fluorescent colours. The 4’-amino- 
acetophenone procedure was the most sensitive. Another advantage of this procedure 
was that the colour of the 2-deoxy sugar spot became visible even before heat was 
applied. 

The types of fluorescence spectra obtained in the analysis of 2-deoxyribose with 
4’-aminoacetophenone and 2-thiobarbituric acid on paper chromatograms are shown 
in Fig. 2. 

! 
./ b 

FIG. 2.-Fluorescence excitation (a) and emission (b) spectra of fluorogens obtained in 
the determination of 10 ,ug of 2-deoxyribose. (-) Thiobarbituric acid procedure, 
F 458/600 at meter multiplier (MM) a01 and lP21 phototube. (. . .) 4’-Aminoaceto- 
phenone dip procedure, neutral spectra at F 400/550 and MM = 0.01 and lP21 photo- 
tube. (- - -) 4’Aminoacetophenone dip procedure, alkaline spectra at F 460/600 and 

MM @OOl and R 136 phototube. Fluorescence fades within a few minutes. 

CONCLUSIONS 

Preliminary results indicate that the aromatic amine reagents can be used for the 
assay of 2-deoxyribose and other 2-deoxy sugars and other types of malonaldehyde 
precursors. If necessary, the final chromogen or fluorogen can be readily eluted by 
dimethylformamide and then assayed. In addition, with the new scanning attachment 
it should be possible to do a direct calorimetric or fluorimetric assay of the 2-deoxy 
sugars separated on a chromatogram or a pherogram, following treatment with one 
of the aromatic amines or TBA. 

Another possibility to be explored before the procedures can be applied to air 
pollution studies is the preliminary hydrolysis of nucleosides, nucleotides, and deoxy- 
ribose nucleic acid to products that can be analysed by these procedures. 

Zusammenfassung-Es wird eine neue Gruppe von Reagentien zur 
Sichtbarmachung von 2-Desoxyzuckern eingeftihrt. Ein Reispiel ist 
4’-Aminoacetophenon, das mit wenigstens 0,5 rg 2-Desoxyribose, 
2-Desoxygalactose oder 2-Desoxyglucose in neutralem oder schwach 
saurem Medium ein grtines Trimethin-Fluorogen liefert, in alkalischem 
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Medium bei einer unteren Grenze von etwa 5 rg das orange fluoreszie- 
rende Anion. Reagentien wie 2-Thiobarbitursanre, Anilin-Diphenyl- 
amin und 2&Pentandion geben lebhafte Fluoreszenzfarben mit 
diesen Zukem. A&n-Diphenylamin war ein niitzliches Agens zur 
Lokalisieruna der Pm-in-Nucleoside und Nucleotide sowie von DNS. 
Ein neuer Zusatz zum Spektrophotofluorimeter wurde entwickelt. 
Mit diesem Zusatz erh%lt man direkt von Paoier-. Glasfaser- oder 
Dtinnschichtchromatogrammen oder Pherogrammen in Grofien bis 
20 X 20 cm Fluoresze nzanregtmgs- und -emissionsspektren. Glas- 
platten lassen sich ebenso leicht handhabenwie Papierchromatogramme. 
Die Fluoreszenzspektren der verschiedenen nach Trennung erzeugten 
Fluorogene 1ieQen sich leicht direkt vom Chromatogramm oder 
Pherogramm abnehmen. 2-Thiobarbiturs&rre und 4’&ninoace- 
tophenon boten den groGten Anwendungsbereich zu Charakterisienmg 
und Nachweis von 2Desoxyzuckern. Das Verfahren mit Anilin- 
Diphenylamin war am niitzlichsten bei der Analyse von Purin- 
Nucleosiden, Nucleotiden und DNS. Die Reagentien versprechen 
Nutzen bei der Anwendung auf Untersuchungen der Luftverunre- 
inigung durch Lokalisierung, Charakterisierung und Nachweis von 
2Desoxyzuckern und ihren Derivaten. 
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RCsurn~On prdsente un groupe de nouveaux reactifs pour la locali- 
sation des 2-deoxy sucres. Un reactif type est la 4’-aminoac&ophenone, 
qui donne un fluorogene trimethine vert avec au moins 0,5 pg de 2- 
deoxyribose, 2-deoxygalactose ou 2-dtoxyglucose dans des conditions 
neutres ou legerement acides, et l’anion fluorescent oranac dans des 
conditions al:alines avec une limite infkrieure d’environ-5 pg. Des 
reactifs tels que l’acide 2_thiobarbiturique, l’aniline-diphenylamine 
et la 2,4pentanedione donnent des couleurs fluorescentes vives avec 
ces sucres. Le reactif aniline&diphtnylamine est tm agent utile pour 
la localisation des nucleosides et nucleotides nuriaues et de I’ADN. 
On a estime la valeur d’un nouveau dispositif pour le @ectrofluorim&re. 
Avec ce dispositif, on obtient les spectres d’excitation et d’6mission 
de fluorescence directement a partir de chromatogrammes sur papier, 
fibre de verre ou en couche mince et de phbogrammes, de dimensions 
allant jusqu’a 20 x 20 cm. Les plaques de verre sent trait& aussi 
aisement que les chromatogrammes sur papier. Les spectres de 
fluorescence des divers fluorogenes produits apres separation ont 6t6 
ais6ment obtenus directement du chromatogramme ou phero amme. 
L’acide 2-thiobarbiturique et la 4’-arninoacetophenone P o rent les 
plus grandes possibilit6spour l’application future’ a la caracterisation 
et a la determination des 2-deoxv sucres. La techniaue a l’aniline- 
diphenylamine est la plus utile’pour l’analyse des ‘nucl6osides et 
nucleotides puriques et-de I’ADN: Ces divers reactifs montrent des 
possibilitts d’application aux etudes sur la pollution de pair wur I 
ce qui est de la jocalisation, de la caractbisation et de la d&erm&tion 
des 2-deoxy sucres et de leures derives. 
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STUDIES WITH DITHIZONEXII* 

FORMATION OF THIADIAZOLINES BY CONDENSATION WITH 

ALDEHYDES AND KETONES 
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Summary-The red colour that develops when mineral acids are added 
to solutions of dithizone (I; 3-mercapto-1,5-diphenylformazan) in 
certain samples of dioxan is mainly due to the formation of 2-methyl- 
3-phenyl-5-phenylazo-1,3,4_thiadiazoline (II) derived in part from 
adventitious traces of 2-methyldioxalane. A purple compound of 
molecular formula C,,H,,N,S is also formed from (I) by an independent 
and slower reaction. The thiadiazoline (II) is readily prepared from (I) 
and acetaldehyde, but analogous compounds from formaldehyde 
benzaldehyde, acetone and ethyl methyl ketone are obtained in better 
yield by starting from diphenylthiocarbazide. Di-p-tolyldithizone 
gives similar reactions. Reduction of the thiadiazoline (II) [which has 
spectra very closely resembling those of 1 :l complexes of (I) with 
arylmercury (II) cations] with ammonium hydrogen sulphide in ethanol 
yields diphenylthiocarbazide by opening of the hetero-ring and 
elimination of an alkyl residue from the intermediate 3-alkylmercapto- 
1,5diphenylformazan. Other examples of nucleophilic displacements 
from the formazan group by SH- have been investigated. 

DURING an extensive investigation of the acid dissociation constant of dithizone 
(3-mercapto-1,5-diphenylformazan, H,Dz; I, R1 = H, Ar = Ph) and its analogues, 
absorptiometric measurements of relative concentrations of the strongly coloured 
species H,Dz and HDz- were carried out on a series of buffer solutions made up in 
various dioxan-water mixtures. Previous experience with these reagents had led us 
to expect that decomposition would become increasingly troublesome as the medium 
became more alkaline,l and in similar measurements in 50% aqueous dioxan Freiser 
et uZ.~*~ found it necessary to extrapolate their absorbance measurements to zero time. 
In our hands, however, little difficulty was experienced when measurements in the 
more alkaline solutions were conducted under anaerobic conditions with very pure 
reagents. On the other hand, solutions in the more acidic buffers ([H+] > 0.1M) 
sometimes unexpectedly changed colour from green to red in the course of a few 
minutes. 

This colour change is illustrated in Fig. 1 for a solution of di-p-tolyldithizone 
(I; R1 = H, Ar = p-tolyl) in 70 % (v/v) dioxan-water containing sufficient hydro- 
chloric acid to give a 1.OM solution. Similar results were found with dithizone itself 
and with di-p-anisylthiocarbazone (I; R1 = H, Ar = p-methyoxyphenyl). Although 
the rate of reaction decreased when the acidity was reduced to 0*5M, the nature of 
the mineral acid used appeared to be unimportant; similar changes occurred with 

* Part XI-H. Irving and A. M. Kiwan, J. Chem. Sot., 1963,428s. 
t Present address: Dr. U. S. Mahnot, C-76 Savarkar Marg., Tilaknagar, Jaipur-4, India. 
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perchloric and sulphuric acids. There was no obvious change in behaviour when the 
dioxan content was progressively reduced to 30 %, but 70 % dioxan was used in all the 
subsequent work in view of its greater solvent powers. 

The clearly defined isosbestic points (Fig. 1) at 467 and 549 rnp (or at 4.58 and 537 
rnp for dithizone itself and at 458 and 576 rnp for itspmethoxy analogue) immediately 
suggested an equilibrium between the thiocarbazone (&,, 450 and 620 rnp) and some 

-I 80 

60 

25 20 15 

Frequency, cm-’ X IO4 

Fm. l.--Spectra of 1,776 x 1CPM di-~tolyldit~~ne in 70% v/v dioxan-water con- 
taining hydrochloric acid ([H+l = 1*0&f). 

Curves A to Hshow the changes after 1.1, 5, 10, l&20,25, 30 and 63 min respectively. 
After a further 27 min the spectrum coincided with that labelled H. 

protonated species with A,,, 500 m,u; if no side-reactions occur this species would 
have a high molar absorptivity of ~20000. The slowness of the reaction raised 
doubts as to the correctness of this hypothesis, which was definitely disproved by the 
observation that the spectrum of a solution of l-214 x lo_SM di-~-toIy~dithizone in 
70% dioxan-water at [H+] = l*OM taken 70 min after mixing the components, and 
which had not changed after a further 70 min, was quite unaffected by the addition 
of an exact equivalent of alkali, remaining unchanged for at least 16 hr. 

A freshly prepared solution of dithizone in glacial acetic acid is green with peaks 
at 440 and 625 rnp, but after several days thecolour changes to purple, and though there 
is a broad band at-500 rnp (similar to the intense band at 532 my in the purplesolutions 
of dithizone in cone. hydrochloric acid), this is subordinate to a much more intense 
band at 312.5 rnp (Fig. 2). Clearly different species are involved in this reaction and 
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the new species absorbing at 312.5 rnp arises from the “purple compound” (A) 
described below. 

The possibility that the red colour of solutions of dithizone in acidified aqueous 
dioxan was due to oxidation by peroxides in the dioxan used was eliminated by 

\ 1 

\ 
\ 

II I 1 I I 
4 3 2 

Frequency, cm-’ Xt04 

I’ 
I I 

l%. Z.-Spectrum of 2*47 x 10dM dithizone in redistilled glacial acetic acid. (a) 
Immediately after preparation; (6) (broken line) after 4 days; (c) after 7 days. 

deliberately adding hydrogen peroxide. The peak at 620 rnp due to dithizone then 
disappeared during some 40 min while the dithizone peak at 450 rnp also decreased 
in intensity and underwent a hyps~hro~c shift. No peak appeared at ~500 rnp 
and the spectrum of the fina solution closely resembled that of the “yellow oxidation 
product” referred to by many workers. p The solution was shown to contain anhydro- 
5-mercapto-2,3,diphenyltetrazolium hydroxide (VII) together with a smaller amount 
of a substance that regenerated dithizone on standing with an aqueous solution of 
sodium thiosulphate. 

Dioxan appeared to be essential to the formation of the substance absorbing at 
500 rnp; solutions of dithizone in ethanolic 1*0&f perchloric acid or in 0.16M sul- 
phuric acid in 70 % glacial acetic acid-water mixture decomposed in a few hours and 
gave no new substances absorbing in the visible region. Isolation of the substance 
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absorbing at 500 rnp was attempted by carrying out the reaction with l-g quantities 
of dithizone, but the reaction mixture was then shown chromatographically to 
contain two products, (A) a purple crystalline compound with a coppery lustre, m.p. 
180-2” (decomp.), and (B) a more soluble dark red crystalline compound m.p. 99” 
(decomp.) which dissolved in most organic solvents but not in water or aqueous 
alkali. When the time of reaction and the relative proportions of acid, dithizone and 
dioxan were varied systematically, the ratio of the amounts of purple compound and 
red product appeared to increase with time. That the red compound was a precursor 
of the purple compound was disproved by a variety of experiments, and the correct 
explanation is that there is an initial rapid reaction between dithizone and aldehydic 
impurities liberated by the action of acid on the dioxan-water mixture, and when all 
these have been consumed the relatively slow reaction between the excess of dithizone 
and the acid then leads to increasing amounts of compound A. 

Compound A, of molecular formula C,H,,N,S, had a characteristic spectrum in 
ethanol (J,,, 314 and 536-538 rnp, emax 23.6 x 103 and 9.04 x 103) and was identified 
by mixed melting point and comparison of its absorption spectrum with that of a speci- 
men of the “beautiful reddish-bronze crystalline compound” prepared by heating 
dithizone or “dehydrodithizone” with glacial acetic acid according to Ogilvie and 
Corwin’s procedure,6 and rigorously purified. Not all its reactions agreed with those 
reported by Ogilive and Corwin and its investigation will form the subject of a later 
paper. 

The spectrum of compound B in 70% dioxan showed that this was responsible 
for the colour changes observed in an acidic solution of dithizone in this solvent. 
Its molecular formula, C,,H,,N,S, (confirmed by vapour pressure osmometry in 
chloroform) differs from that of dithizone, C,,H,,N,S, by an additional two carbon 
and two hydrogen atoms which must clearly have been derived from the solvent. 
Gas chromatography of the dioxan used, which had been purified by Freiser’s method2es 
revealed the presence of an impurity which was absent from dioxan purified according 
to Weissburger and Proskauer’s method,6 but present to the extent of about 1% in 
an untreated commercial sample of dioxan. This impurity was shown by gas chromatog- 
raphy to be 2-methyldioxalane. This would have been eliminated in Weissburger 
and Proskauer’s procedure which includes heating under reflux with hydrochloric 
acid to decompose acetals, followed by a stage to eliminate aldehydes. These steps 
are omitted in Freiser’s procedure which is based on prolonged refluxing over metallic 
sodium followed by fractionation. Acid hydrolysis of the 2-methyldioxalane gives 
rise to acetaldehyde which condenses with dithizone (I; R1 = H, Ar = Ph) to give 
2-methyl-3-phenyl-5-phenylazo-1,3,4-thiadiazoline @a; R2 = H, R3 = Me, Ar = 
Ph). This was very readily synthesized by mixing dithizone with acetaldehyde and 
adding a few drops of cont. hydrochloric acid. 

Condensation with acetone to give 2,2-dimethyl-3-phenyl-5-phenylazo-1,3,4- 
thiadiazoline (IIIJ; R2 = Ra = Me, Ar = Ph) proceeded similarly as did that with 
ethyl methyl ketone although the red product in this case was not obtained analytically 
pure. Similar condensations were carried out with di-p-tolylthiocarbazone (I; R1 = 
H, Ar =p-tolyl). Preund ‘~8 has reported that diphenylthiocarbazide (V) condenses 
with phosgene or thiophosgene to give the same products (VIII; X = 0 or S) as 
those obtained from dithizone itself. Pel’kis et al. m” have recently extended this 
method to the synthesis of a large number of homologues of VIII (X = S). Clearly 
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(Ha) R’ = H, R3 = Me, Ar =Ph 
(II b) R’ = R” i= Me, Ar = Ph 
(11~) R’ = R’ = H, Ar = Ph 
@Id) Rz = H, R”= Ar =Ph 
ilIe) R*= H, R”= Me, Ar =p-to@ 

Ph-NH.NH.CS.NH.NH-Ph 

(VII) WI) 

Reagents: 1, HCl; 2, NH8 and HpS in ethanol at 0”; 3, &Fe(CN), or NaOH-H,O, when R1 = H; 
4, (a) Me1 for R = Me, (6) chloracetic acid for R = --CH% . CO%H; 5,Zn-NaOH when R1 = H; 
6, boiling NaOMe-MeOH; 7, alkaline solution of dextrose.& 

the loss of two hydrogen atoms must occur at some stage in this reaction and we now 
find that dithizone can be replaced with advantage by diphenylthiocarbazide (V) in 
condensations with carbonyl compounds. Thus formaldehyde and benzaldehyde 
gave rise to (IIc), (R2 = R3 = H, Ar = Ph) and (IId) (RZ = Ar = Ph) respectively. 

ArN- 

vm x=c., 
j 
C-N=NAr 

NH,.H,S+ Ary-f 
Ix 

‘S’ 
x=c \ ,C--NH.NHAr 

s 

The NNR spectrum of 2-methyl-3-phenyl-5-phenylazo-l,3,4-thiadiazoline @Ia) 
recorded in deuter~hlorofo~ at 60 MC showed the symmetrical doublet due to CH:, 
(centered on T = 8.41, the 1:3:3:1 quartet due to CH (centered on T = 3.9) and a 
complex group due to two sets of 5 equivalent protons; the integrated curves confirm 
the groupings of 3,1, and 10 protons respectively. 

Preund et al.‘** have shown that the ketones or thioketones (VIII; X = 0 or S) 
are readily reduced to the corresponding hydrazo compounds (IX; X = 0 or S) 
when treated with an ethanolic solution of ammonium hydrogen sulphide. When, 
however, the red compound @Ia) was reduced under these conditions, the colourless 
product, obtained in over 90 % yield proved unexpectedly to be diphenylthiocarbazide 
(V), identified by mixed m.p., infrared spectrum, and oxidation to dithizone. 

By contrast with the behaviour of the thiadiazohnes (VIII) where the azo-grouping 
in the side chain is reduced to a hy~azo-soup, the hetero-ring remaining untouched, 
reduction of (Ha) must have opened up the heterocyclic ring with the subsequent 
elimination of the alkyl residue -CHRZRS. Had the ring ruptured between C(2) and 
S(1) an N-alkyldithizone would have resulted, subsequent reductive de-alkylation 
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of which would seem unlikely in view of the resistance of N-alkylanilines and phenyl- 
hydrazines to reduction by ammoniacal hydrogen sulphide at 0”. If, on the other 
hand, the heterocyclic ring is opened between N(3) and C(2) the primary intermediate 
would be an S-alkyldithizone (e.g., III). Corwin and 01givie5 have already shown 
that the reduction of 3-methylmercapto-1,5-diphenyltetrazolium iodide (VI; R = 
Me) by ammonium hydrogen sulphide in ethanol at 0” gives rise first to S-methyl- 
dithizone (III; R = Me) which they were able to isolate, and then to an unstable 
white crystalline substance which was readily reoxidized to S-methyldithizone on 
exposure to the air. This substance, tentatively formulated as (IV) (R = Me), gave 
diphenylthiocarbazide (V) when allowed to stand in contact with ethanolicammonium 
hydrogen sulphide for 4 hr. 3-Carboxymethylmercapto-1,5-diphenyltetrazolium 
iodide (VI; R = -CH,CO,H) underwent a similar reductive sequence5 and we now 
find that the end-product of the reduction of (VII) is likewise diphenylthiocarbazide 

(V). 
These processes which involve the elimination of an S-alkyl group must be due to 

the nucleophilic displacement of RS- by the excess of HS- added, followed by 
tautomeric rearrangement to the isomeric thioketone. The conversion of a 3-chloro- 
formazan to the corresponding dithizone is a further example of this procesP*12 and 
in Bamberger’s synthesis of dithizones from 3-nitroformazanP-l5 it is postulated 
that the 3-amino group obtained intermediately by treatment with alcoholic ammon- 
ium hydrogen sulphide is subsequently displaced by SH-. 

All the new thiadiazolines have very similar spectra (Fig. 3). The effect of the p- 
methyl substituent in (He) is to increase the intensity of the absorption and to produce 
a very small bathochromic shift of the main peak in the visible region (Table I). A 

TABLE I.--ULTRAVIOLET AND VISIBLE SPEaRA OF 1,3/t-THIADIAZOLINES WITH THAT OF 

PHENYLMERCURIC DITHIZONATE FOR COMPARISON 

Compound 

@aI 206-7 266.5 (13.8 x 10s) shoulder 492 (28.6 x 10s) 
-300 

W). 206-7 plateau 305 (10.7 x 108) 460 (21.7 x lo*) 

8 
Zercur y 

206-7 206-7 206-7 268 266 265 (12.3 (13.6 (13.0 x x x 1P) 1W) 10s) 310 shoulder shoulder (11.2 x 10’) 498 496 493 (29.3 (29.0 (33.3 x x x lOa) lo*) 10’) 
Phen y 204-5 263 (20.7 x lo*) 322 (13.3 x lOa) 476 (32.5 x lo*) 

dithizonate (46.6 x 1O5) 

point of considerable interest is the close similarity between the spectra of these new 
heterocyclics and the 1: 1 complexes of dithizone with arylmercury(I1) cations1s-18. 
Most of these show bands at 200, 260-280, -320 and 450-550 rnp; the last three 
bands have been identified in almost all metal dithizonates although the positions 
and intensities of the absorption maxima are influenced by the nature of the metal.ls 
The X-ray crystallographic study of mercury(I1) dithizonate has disclosed a very 
strong bond between sulphur and mercury together with a co-ordinate bond to mer- 
cury from one of the nitrogen atoms co-ordinated to a phenyl residue.2o By analogy 
the structure of phenylmercury(I1) dithizonate may be represented as (X) and the 
formal similarity to the 1.3,4-thiadiazoline ring is immediately obvious. 
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FIG. 3.-Ultraviolet and visible spectra of 1,3,4_thiadiazolines in ethanol. 
I-Substance IIa (the red compound B), 2.97 x 1O-5M; Z-substance IIb, 2.63 X 
10-6M; 3-substance IIc, 1.75 x 10-hM, 4-substance IId, 2.06 X 10-6M; 5- 

phenylmercury(fI) dithizonate, 2.43 x 10-6M in 75 % v/v ethanol-water. 

Duncan and Thomas21 ascribe a band at 3139 cm-l in the infrared spectrum of 
dithizone in carbon tetrachloride solution to the N-H stretching frequency and all 
metal dithizonates are said to show this vibrational feature in the region 3100-3300 
cm-l. The spectrum of diphenylcarbazide (V) in a potassium bromide disc is now 
found to show four bands in this region, which could well be due to the NH groups 
in this molecule. On the other hand, the complete absence of any bands in this region 
in the spectra of the 1,3,4_thiadiazoles IIa-IIe is a clear indication that oxidative 
coupling must have taken place when they are formed by the condensation of a 
carbonyl compound with dithizone or diphenylthiocarbazide. 
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The spectra of all the thiadiazoles show a number of high intensity bands in the 
3067-3030 cm-l region, and these are probably due to aromatic =CH stretching. The 
very sharp and intense band at 2967 cm-l for IIa and IIb and centered at 2976 cm-l 
for He can be ascribed to the assymetric stretch of the CH, group (lit. 2962 & 10 
cm-l); it is, of course, absent in the spectra of TIC and III. The weak bands at 2920 
and 2857 cm-l in TIC have been assigned to the asymmetric and symmetric C-H 
stretch of the CH, group (lit. 2926 and 2853 cm-l). A tertiary -C-H stretching 
frequency would be expected at 2890 x 10 cm- l. No such band appears in the spec- 
trum of the 2,2’-dimethyl compound IIa which shows no structure between 2924 and 
1590 cm-l; overlap with neighbouring bands would prevent its identification in the 
other cases. 

When potassium bromide discs were used no bands were observed in the region 
2000-1650 cm-l but with concentrated solutions in hexachlorobutadiene all the 
compounds showed typical overtone patterns of substituted aromatics. The 2-phenyl 
derivative IId showed 12 well-resolved bands which differentiated it from the other 
compounds studied. The bands of high intensity at 1590 rt 3 and 1520 f 7 cm-l in 
the spectra of all the compounds and bands of variable intensity at 1495 5 10 cm-l 
appear to be C=C skeletal vibrations, but those at ~1450 cm-l may overlap the 
bands due to the asymmetric -C(CH,) group deformation in certain cases. The 
sharp band at 1466 cm-l in the spectrum of IIc has been assigned to the CH, group 
deformation. The sharp bands centered at 1380 and 1364 cm-l in the spectrum of 
III, are due to the -C(CH,), group deformation vibrations (lit. 1385-1380 and 
1370-1365 cm-l). The bands in the 1250-1100 cm-r region are doubtless due to 
N-C,H, vibrations: Meriwether et aLza have assigned bands in this region which 
are found in the spectra of all metal dithizonates. The characteristic pattern in the 
region 835-792 cm-l for IIe is typical of 1,4 aromatic disubstitution (lit. 860-800 cm-l). 
Other assignments and typical spectra are given in detail elsewhere.23 

In view of the characteristic spectra and high intensity of absorption (E,,~ = 
20000-33000) of the new 1,3,4_thiadiazolines it was hoped that they could be exploited 
for the quantitative absorptiometric determination of aldehydes and ketones, but the 
reaction with dithizone or diphenylthiocarbazide was too slow unless the appropriate 
catalyst was used in homogeneous solution, and even then preliminary concentration 
of the carbonyl compound was necessary and yields were variable. The reactions 
discussed above do, however, emphasize one of the problems constantly to be borne 
in mind when carrying out solution work with low concentrations of reactants: at 
the 10-SM reactant level as little as 0.1% of foreign material in the solvent (e.g., 
dissolved oxygen, moisture, or in this case 2-methyldioxalane) may lead to disturbing 
and unexpected side-reactions. 

The purple compound (A) may have the bis-azo structure Ph.N=N.CS.N=N.Ph; 
further work on its reactions and a structure determination by X-ray crystallography 
will be reported elsewhere. 

EXPERIMENTAL 
Reagents 

Commercial dioxan was purified *s8 by refluxing over metallic sodium for 12 hr followed by frac- 
tional distillation immediately before use. This procedure does not remove Zmethyldioxalane; 
another procedures was used for this when necessary. 

Demineralized water was used to prepare all dioxan-water mixtures, and isopiestic ammonia and 
hydrochloric acid. a4 Glacial acetic acid and all organic solvents were redistilled immediately before 
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use. Analar samples of dithizone were purified by methods previously described** and the ratio of the 
absorbances at 620 and 450 rnp of carbon tetrachloride solutions of the reagent was used as an index 
of purity. A value of 1.68-l-70 was regarded as satisfactory. 

Absorption spectra were measured with a Unicam SP 700 recording spectrophotometer or with 
an SP 500, with matched silica cells. Before use these cells and all glassware needed were rigorously 
freed from every trace of metallic contamination and from oxidizing matter. 

2-Methyl-3-phenyl-5-phenylazo-l,3,4-thiadiazoline (Ha) 

Concentrated hydrochloric acid (4-5 drops) was added to a paste of dithixone (1 g) and redistilled 
acetaldehyde (4.5 ml, excess) and the mixture was cooled in an ice-bath and triturated with a glass 
spatula for 10-15 min. Chloroform (100-150 ml) was then added and the solution was shaken with 
water in a separatory-funnel. The aqueous phase was rejected and the organic phase washed twice 
with water and then with dilute ammonia to remove unreacted dithizone: it was then dried over 
anhydrous sodium sulphate and the solvent was distilled off under reduced pressure. The product was 
recrystallized from methanol to give dark red needles, m.p. 99-100” decomp. Yield 44%. A poorer 
yield (20 %) was obtained when the condensation of diphenylthiocarbaxide (V; 2.6 g) with acetalde- 
hyde (1 ml) in presence of cont. hydrochloric acid (O-2 ml) was carried out slowly (2 hr) in ethanol 
(50ml). (Found: C, 63.8%; H, 5.2%; N, 19.8%; S, 11.5% m.w. (vapour pressure osmometry in 
chloroform) 289: CIIH1aN,S requires C, 63.8 %, H, 5.0%; N, 19.9 %; S, 11.3 %; m.w., 283.) 

2,2’-Dimethyl-3-phenyI-5-phenylazo-l,3,4-thiadiazoline (IIb) 

Dithizone (1.0 g) in acetone (50 ml) containing cont. hydrochloric acid (1.0 ml) was shaken 
mechanically for 1.5 hr. After removal of the solvent in a stream of air the sticky residue was 
dissolved in chloroform and transferred to a separatory-funnel, washed with water (3 x 50 ml) and 
the solution dried over anhydrous sodium sulphate. Chromatography on alumina with benzene as 
the eluent gave ultimately dark reddish-orange crystals which after two recrystallixations from 
methanol had m.p. 77-78’ decomp. Yield 47%. (Found: C, 64.7%; H, 5.4%; N, 19.1%: 
C,,H,,N,S requires C, 64.9 %; H, 5.4%; N, 18.9 %.) 

3-Phenyl-5-phenylazo-1,3&thiadiazoline (IIc) 

Concentrated hydrochloric acid (@4 ml) and 36% w/v aqueous formalin (2 ml) were added to a 
suspension of diphenylthiocarbazide (V, 2.6 g) in ethanol (50 ml) and stirred mechanically for 3 hr. 
Dark red crystals separated (0.25 g) and a further amount (1.87 g) was obtained by removing the 
solvent in a stream of air. A chloroform solution of the total crude product was transferred to a 
column of alumina and chromatographed with benzene; dark red crystals (0.6 g) were obtained on 
evaporation. After two recrystallizations from benzene these had m.p. 164-5” decomp. Yield 23 %. 
(Found: C, 62.5%; H, 4.7%; N, 21.0%: C1dHIaNNIS requires C, 62.7 %; H, 4.5 %; N, 20+9x.) 

2,3-DiphenyI-5-phenylazo-1,3&thiadiazoline (IId) 

Diphenylthiocarbazide (V, 2.6 g), benzaldehyde (2 ml, excess), concentrated hydrochloric acid 
(0.5 ml) in ethanol (70 ml) were shaken mechanically for 2.5 hr. A dark red solid (0.25 g) which 
separated, together with the red residue left after evaporation of the solvent in a stream of air, was 
taken up in chloroform, filtered from an unidentified white substance (0.58 g, m.p. 278-280” decomp.), 
and treated with a solution of sodium bisulphite to remove excess of benxaldehyde. Chromatography 
on alumina with a 1% solution of methanol in benzene as the eluent gave a prominent red band from 
which the thiadiazoline was isolated as red crystals, m.p. 144-5” decomp. Yield 23 %. (Found: C, 
69.7 %; H, 4.7%; N, 16.3 %: ClOH1,N,S requires C, 69.5%; H, 47%; N, 16-3x.) 

2-Methyl-3-p-tolyl-5-p-tolyIazo-l,3,4-thiadiazoIine (He) 

This compound was prepared from acetaldehyde and di-ptolylthiocarbazone as described for the 
phenyl analogue. After two recrystallimtions from methanol the red crystalline product had m.p. 
156-7” decomp. Yield 20%. (Found: 
C, 65.8 %; H, 5.9%; N, 18.1%) 

C, 65.6%; H, 5.7%; N, 18.2%: C1,HlsN,S requires 

Isolation of the compounds A and B 

In a typical experiment, dithizone (1 g) suspended in a mixture of redistilled commercial dioxan 
(70 ml), concentrated hydrochloric acid (10 ml) and distilled water (20 ml) was shaken mechanically 
for 16 hr and then poured into water (100 ml). The reddish-brown solution obtained on extraction 
with chloroform (50 ml) was washed repeatedly with water to free it from dioxan. After being tied 
over anhydrous sodium sulphate the chloroform was allowed to evaporate at room temperature and 
the red residue (O-6 g) was taken up in chloroform (15 ml) and chromatographed on a column of 
neutral alumina. The less strongly adsorbed reddish-orange band was eluted with 1% ethanol in 
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benzene and on removal of the solvent gave substance B, (al5 g). The slower moving dark purple 
band was eluted with chloroform and cave O-35 a of substance A. 

Substance A gave deep purple crysta% with a coppery lustre, m.p. ISO-182”, from aqueous ethanol. 
Found: C,61*5%; H, 4.0%; N, 22.0%. m.w. by vapour pressure osometry in chloroform, 246: 
C,oHlONIS requires C, 61.4%; H, 3.9%; N, 22.0%; m.w. 2543). Substance A was identified with 
the “isomeric dehydrodithizone” described by Ogilvie and Corwin,6 by comparison with authentic 
samples prepared by heating (a) dithizone or (b) the syndnone (VII) under reflux with glacial acetic 
acid. After purification bv chromatomaphv and recrystallization from aqueous ethanol all the samples 
had ident& melting pocnts and abs&$ion spectra: 

The purple compound A was also obtained by boiling diphenylthiocarbazide (V, 2 g) in glacial 
acetic acid (15 ml) under reflux. The initially colourless solution changed to dark green (5 min) and 
then to purplish red (30 min). The reaction mixture was cooled, poured over ice and extracted with 
chloroform; sticky purple crystals were obtained (O-95 g) on removing the solvent in a current of air. 
The crude material was triturated with a small volume of chloroform and filtered from a greyish white 
solid (a29 g) which after two recrystallizations from boiling ethanol formed light st&&coloured 
crystals, m.p. 200-201” decomp. This substance was identied as p-phenylthiosemicarbazide by 
mixed m.p. and the identity of its infrared spectrum with that of an authentic specimen.lsb 

Investigation of the impurity in dioxan by gas-liquid chromatography 

A 5-foot column packed with 10% dinonyl phthalate on Celite was used with a hydrogen fiame 
detector. Chromatograms were taken of (i) commercial dioxan, (ii) dioxan purified by Frciser’s 
method,aq* (iii) dioxan purified by Weissburger and Proskauer’s method,8 (iv) 2-methyl-1,3-dioxalane 
prepared according to Hibbert and Timma and carefully fractionated, (v) purified commercial 
acetaldehyde diethylacetal (l,l’-diethoxyethane), and (vi) redistilled acetaldehyde. With a constant 
flow-rate of carrier eas the main neaks of i, ii and iii had retention times of 71.3, 74.7 and 78-l set 
respectively but saGpIes i and ii had subsidiary peaks at 51.0 and 54.3 set respectively, which were 
identified as due to 2-methyldio~I~e (retention time 53 sets in iv). Samples i, ii and iii were shown 
to be free from l,l’-~e~oxyet~e (retention time 67-6 set) and a~~dehyde (2@9 set). By 
comparison with chromatograms containing known amounts of pure dioxan (iii) and Zmethyldioxa- 
lane (iu) it was estimated that the commercial dioxan or a specimen purified by Freiser’s method 
contained about 1 y0 of 2-methyldioxalane. 

Reduction of 2-methyl-3-phenyl-5-phenylazo-l,3,4-thiadiazoline (IIa) with ammonium hydrogen @hide 
in ethanol 

A sus~n~on of the trampoline (Ha; 0.56 g) in ethanol (25 ml) was cooled to 0” and saturated 
with ammonia gas (10 min). Hydrogen sulphide was then bubbled in (10 min) whereupon ammonium 
hvdroeen sulnhide separated as shinine leaflets, No colour change occurred at tit but after 1.5 hr 
at’ roo”m temgrature g yellow solutionyesulted which was poured>lowly over cracked ice; diphenyl- 
thiocarbazide (V) then separated as shining colourless platelets (0.47 g) which were collected, washed 
first with water and then with alcohol, and dried in a vacuum desiccator. After recrystallization from 
ethanol, the substance when heated changed colour to light green at 145-150” arid decomposed at 
156-158”. Identification as cv) was confirmed by analysis, mixed m.p., infrared spectroscopy, and by 
oxidation with methanolic potash to dithizone. 

Diphenyt~~b~de (V) was also found to be the product of the prolonged action of ammonium 
hydrogen sulpbide on ethanolic solutions of S-methyldithizone (III; R = Me) and the sydnone 
(VII), confirming previous statements by Ogilvie and Corwin.6 

Acknowledgement-U. S. M. thanks the Association of Commonwealth Universities for the award of 
a Commonwealth Scholarship. 

Za~~~Die rote Farbe, die sich beim Zusatz von Mineral- 
sguren zu Lasungen von Dithizon (I; 3-Mercapto-1,5-diphenylform- 
azan) in gcwissen Dioxanproben bildet, riihrt im wesentlichen von 
der Bildung von 2-Methyl-3-phenyl-5-phenylazo-1,3,4-thiadiazolin 
(II), das sich teilweise von zuftilig anwesenden Spuren von 2-Me- 
thyldioxolan ableitet. Eine purpurrote Verbindung der Summenformel 
C$,H,,N,S bildet sich such aus (I) durch eine unabhkgige langsamere 
Reaktion. Aus (I) und Acetaldehyd 1st sich das Thiadiazolin (II) 
leicht herstellen; analoge Verbindun~ von Form~dehyd, Bcnzal- 
dehyd, Aceton und Athylmethylketon erhHlt man in besserer Ausbeute, 
wenn man von Diphenylthiocarbazid ausgeht. IX-p-tolyldithizon 
gibt iihnliche Reaktionen. Die Reduktion des Thiadiazolins (II) 



Studies with dithizons_XII 821 

(das Spektren zeigt, die denen der 1: I-Komplexe von (I) mit Aryl- 
queck&er (II)-l&ionen sehr lhnlich sindj mit Arnoniumhydro- 
eensulfid in Athanol zibt Dinhenvlthiocarbazid durch c)ffnen des 
Heterorings und Elimi~erung*ein& Alkylrestes aus dem Zwischen- 
produkt 3-Alkylmercapto-1,5diphenylformazan. Andere Beispiele 
nucleophiler Verdriingungen durch SH- von der Formazangruppe 
wurden such untersucht. 

R&nn&La coloration rouge qui se developpe quand des acides 
mineraux sont ajoutts a des solutions de dithizone (I, 3-mercapto 
1,5-diphenylformazan) dans certains t?chantillons de dioxane est 
principalement due a la formation de 2-methyl-3-ph6nyl-5-phenylazo- 
1,3,4-thiadiazoline (II) provenant en partie de traces fortuites de 
2-mtthyldioxalane. Un compose pourpre de formule mol&daire 
C,,H,,N,S se forme aussi a partir de (I) par une reaction indtpendante 
et plus lente. On prepare ais6ment la thiadiazoline (II) a partir de 
(I) et d’acttaldehyde, mais les composes analogues des formaldehyde, 
benzaldehyde, acetone et mtthylbthylcetone sont obtenus avec un 
meilleur rkndement en partant hu diphenylthiocarbazide. La di-p- 
tolvldithizone donne des reactions semblables. La reduction de la 
thkdiazoline (II) [qui a un spectre ressemblant exactement a ceux 
des complexes 1 :l -de (I) avec ]es cations arylmercure (II)] par le sul- 
fure acide d’ammonium en ethanol donne le dinhenylthiocarbazide par 
ouverture de l’het6rocycle et elimination d’k r&idu alkyle du 3- 
alkyl-mercapto 1, 5-diphenylformazan intermediaire. On a etudie 
d’autres exemples de deplacements nucleophiles du groupe formazan 
par SH-. 
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Summary--The distillation characteristics of osmium and ruthenium, 
which have been studied by using both radioactive tracers and inactive 
compounds, are reported. The tracer solutions were prepared from 
hexachloro and hexabromo compounds and from the purified 
sponges of both metals. A quantitative separation of osmium from 
ruthenium can be made by distillation from peroxide-sulphuric acid 
solution at 110” for about 40 min. Slow and incomplete distillations 
are observed when osmium is present as either the chloro or bromo 
complex. Optimum conditions for the dissolution of acid-insoluble 
materials containing osmium and ruthenium are discussed. 

THE wet analysis of the six platinum metals usually involves initial selective distilla- 
tion of the volatile oxides of ruthenium and osmium. Gilchristl reported that the 
form in which osmium exists in solution has a marked effect on the speed with which 
it is distilled from nitric acid solutions and that in the form of chloro-osmate, its 
complete distillation could require as much as 8 hr. 

It has also been recorded that the chloro-complexes of osmium and ruthenium 
offer a peculiar resistance to the quantitative formation of the tetroxidesz That 
the degree of this resistance is a characteristic only in the case of certain oxidants was 
shown by Westland, who was able to effect complete distillation of the two tetroxides 
by oxidation of the chloro-complexes with perchloric acid. Recently, Gijbels4 studied 
the distillation separation of osmium from ruthenium, using radioactive osmium, and 
sulphuric acid-hy~ogen peroxide mixture as the oxidant. Presumably he found no 
resistance to complete oxidation. 

In the present investigation an effort was made to learn something of the relation- 
ship between the forms of osmium and ruthenium salts which responded most readily 
to complete oxidation to the tetroxide. A special effort was made to arrive at condi- 
tions which allowed the quantitative distillation of nanogram amounts of the metals 
because it was hoped to use the results to establish a method for the direct determina- 
tion of osmium and ruthenium in ores. 

Apparatus 
EXPERIMENTAL 

Scintillation cow&r. Nuclear-Chicago model 8725 analyser/scaler incorporated with a single- 
channel gamma-ray analyser. The detector used was a 2 x 2 in. NaI(T1) well-type crystal, model 
422. A 4OO-channel g~a-ray analyser, RIDL model 34-27 was used in conjunction with a 3 x 3 
in. NaI(T1) detector. 

* Research Fellow on leave from the Atomic Energy Research Institute, Seoul, Korea. 
Present address: Department of Chemistry, University of Arizona, Tucson, Arizona 85721. 
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Distillation apparatus. A modified form (Fig. 1) of that used by Allan and Gijbels.’ It became 
evident during the investigation that the distillation apparatus must be free from contaminants. 
Prolonged soaking in hot chromic acid mixture, or treatment with chlorine water or organic solvents 
all failed to clean the apparatus, especially when new equipment was used. It was found #at effective 
cleaning was a~complish~ by soaking in 10% etbandic potassium hydroxide solution for about 2 hr. 
The apparatus was treated by this method after each distillation. Two identical sets of distillation 
apparatus were used alternatively. 

/ 
!, 12 mint! d ) 

FIG. l.-Distillation apparatus. 

l>istilled water. Tap water was distilled once in all-glass apparatus and showed no residual activity 
in the pot liquid when used for distilling radioactive osmium or ruthenium compounds. Water 
treated with an ion-exchange resin and then distilled, did show residual activity after use in distillation 
of radioactive compounds, and so was not used. 

Thionulide. K & K Laboratories, m.p. 110-l 11’. 
Hydrochloric acid, hydrobromic acid and ethanol. Twice distihed from Pyrex glass apparatus. 

AI1 other chemicals were of analytical reagent grade. 

PurifEed osmium and ruthenium compounds 

The available ammonium hexachlororuthenate and ammonium hexachloro-osmate were found 
radiochemically to be impure, containing noticeable amounts of iridium, and osmium or ruthenium 
impurities. The purified salts were prepared by methods modified from those of Gilchrist and 
Rogers.? Ammonium hexachloro-osmate and hexabromo-osmate and osmium sponge were prepared 
from which six different kinds of osmium tracer solutions were obtained. 

Ammonium hexachloro~s~#e, (NH&OsCl,. About 1 g of osmium tetroxide (Johnson ~atthey~ 
and 150 ml of t~~~stilled 6M hvdrochloric acid were added to a NO-ml lone-neck flask to which a 
water-cooled condenser was attached. The contents were refIuxed for 3 hr. xbout 6 ml of ethanol 
were added to achieve complete dissolution. The reddish-brown solution was transferred to a beaker 
and evaporated to about 200 ml, and then 20 ml of sulphuric acid (1 + 2) were added and the solution 
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was warmed on a water-bath for 2 hr. The brown-black solution was transferred to the distillation 
flask and diluted to about 200 ml with sulohuric acid (1 + 5). Osmium was distilled for 15 hr at 
130 f 5”, during which time about 50 ml-of 30% hydrogen-peroxide were added dropwise. The 
distillate was received in three successive receivers containing 150 ml, 25 ml and 25 ml of twice- 
distilled hydrochloric acid. The trap solution, 25 ml of 5 % solution of potassium permanganate, was 
placed between the distillation flask and the first receiver. The combined receiving solutions were 
gently refluxed for 2.5 hr, transferred to a beaker and evaporated on a water-bath to a syrup from 
which the brick red ammonium hexachloro-osmate was precipitated by addition of saturated ammo- 
nium chloride solution. The crystals were filtered off on a glass filter, washed with 15 % ammonium 
chloridesolution, redissolved in 5 ml of hot azeotropic hydrochloric acid, reprecipitated by addition of 
4 ml of 15 % ammonium chloride solution to this solution diluted with 6 ml of water, and allowed to 
stand overnight. The product was filtered off, washed with 95% ethanol until the washings were 
colourless, then dried over phosphorus pentoxide and ground in a agate mortar. The yield was 
about 53 %. The radiochemical purity of the product was confirmed by gamma-ray spectroscopy. 

During the distillation a black ring was sometimes formed around the glass joints of the distillation 
flask. This proved difficult to remove even by prolonged immersion in aqua regiu. Remye describes 
the residue and states that it is insoluble in acids. It was easily removed by immersion in a 1: 1 mixture 
of nitric and sulphuric acids for about 1 hr. 

TABLB I.-REDWXION OF RCJTHENKJM AND OSMIUM METALS FROM PURIFIED COMPOUNDS 

Salt, mg 
Sponge obtained, 

mg Yield, % 
Theoretical 

yield % 

(N%hOsCL3 94.46 OS 40.27 42.63 43.32 
(N&)@sBr, 78460 OS 211.77 26.99 26.95 
O,RuCl, 9760 Ru 28.13 29.98 29.01 

Ammonium hexabromo-osmate, (NH,),OsBr,,. This compound was prepared in a similar mer 
except that hydrobromic acid was used instead of hydrochloric acid. The radiochemical purity was 
confirmed with the gamma-ray analyser after 35-hr bromine82 had decayed. 

Ammonium hexuchfororuthenate, (NH,),RuCl,. The starting material, ammonium hexachloro- 
ruthenate, was purified by distilling tirst with hydrogen peroxide-sulphuric acid as described above 
to remove its osmium impurity. The ruthenium was then distilled from sodium bromate-sulphuric 
acid mixture’ and the salt was crystallized as described for osmium. 

Ruthenium and osmium sponge. Weighed amounts of the halide complexes, prepared as above, 
were reduced to the metals by heating in hydrogen at 500 f 100” for 3 hr. The results are shown in 
Table I. 

Stanakrd solutions of osmium and ruthenium 

About 0.35 g of ammonium hexachlororuthenate or hexachloro-osmate prepared as above was 
dissolved in 2M hydrochloric acid and diluted to 250 ml; the solutions were standardized gravi- 
metrically with thionalide.TO* The metal contents of the solutions were: osmium, 0.6126 & OGll3 
mg/ml; ruthenium, 04446 f 00020 mglml. 

Preliminary experiments 
In a preliminary investigation of the distillation pattern, non-radioactive standard solutions of 

ruthenium and osmium were used. Conditions such as acid concentration, and duration and temp- 
erature of the distillation, were varied. Westland’s apparatus’ was used and all the analytical measure- 
ments were made by the calorimetric thiourea method, osmium and ruthenium being measured at 
480 m,e and 620 rnp respectively. The results are summarized in Table II. 

These results indicated that the following factors were of importance for the distillation of these 
two metals. 

1. Osmium and ruthenium, @7 mg and 0.2 mg respectively, may be completely distilled within 
30 min and 60 min resnectivelv bv fumine with nerchloric acid. 

2. As observed by bilchris? r&d Bea&sh,’ {he speed of osmium distillation becomes noticeably 
slow if osmium is present as chloro-osmate and the oxidant is a hydrogen peroxide-sulphuric acid 
mixture used at too low a temperature. 

3. The osmium and ruthenium distilled can be completely collected in the first receiver if the rate 
of hydrogen peroxide addition and the flow-rate of air are carefully controlled. 

4. The distillation of osmium tetroxide with hydrogen peroxide-sulphuric acid mixture appears 
to have a threshold temperature of 105” & 5”, below which very little can be distilled. The threshold 
temperature is dependent on the composition of the sulphuric acid-peroxide mixture. 
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TABLE IL-DISTILLATION OF OSMIUM AND RUTHENIUM 

Metal 
Metal recov- Recov- 

Temp, Time, added, ered, cry, Receiving 
Sample Oxidant “C min W Pg % solution 

(NHWsCl, 70 % HCIO,, 20 ml 150 30 766 760 99.2 2 %(NH&CS 
in ethanol- 

HCl 

2 %(NH&CS 
(NH,),OsCl, 70% HCIOI, 20 ml 155 15 761 761 99.3 in ethanol- 

HCl 

WShOsClo cont. H,SO,, 20 ml 
(NHWsCl, 30 % HaOB, 40 ml 

WH&OsCl, cont. HBS04, 5 ml 
30% HaOa, 25 ml 

WH,),OsCl, cont. HP;SOI, 5 ml 

(NHdnOsCle 12N H.$OI, 35 ml 
30 % HaOp, 40 ml 
12N H,SO,, 35 ml 

(NH&OsCls 30 % HaOe, 40 ml 

133 30 766 721 

110 60 766 333 

110 60 766 398 

105 50 766 574 

94.1 ice-chilled 
ethanol-HCl 

43.4 ice-chilled 
ethanol-HCI 

51.9 ice-chilled 
ethanol-HCl 

74.8 ice-chilled 
ethanol-HCI 

105 130 766 632 82.5 ice-chilled 
ethanol-HCl 

WHdoRuC& 70% HCIOI, 20 ml 150 60 211 208 98.6 ethanol-HCI 

Distillation with radioactive tracer. Radioactive tracers were used to find the optimum conditions 
for distillation of micro and semi-micro amounts, especially for osmium; ruthenium always showed 
better consistency in recovery. 

The osmium tracer solutions were prepared from the irradiated starting materials by methods 
summarized in Table III. Silica ampoules, containing about 10 mg of purified osmium or ruthenium, 
were irradiated for 3 days at a flux of approximately 5 x lOlo n. cm-s. set-l in the McMaster Univ- 
ersity Reactor (Hamilton, Ontario, Canada). After a cooling period of about 5 days, the irradi- 
ated materials, except osmium tetroxide, were thoroughly mixed in a nickel crucible with about 0.8 g 
of freshly opened sodium peroxide and fused with a Meker burner for about 5 min. The fused mass 
was disintegrated tirst with water and then with 1N hydrochloric or sulphuric acid, and diluted to 
100 ml with 5N hydrochloric or sulphuric acid. (Table III, Types C, D, E, F.) The ruthenium 
tracer solution showed gamma peaks of 40-day losRu at 498 and 615 keV, while the osmium solution 
showed the gamma-peaks of 15-day lslOs at 45 and 130 keV and of 94-day l*sOs at 646 and 875 keV. 

Osmium or ruthenium tracer solutions (5 ml; N 3 x 10’ cpm) were placed in the distillation 
flask together with the amounts of sulphuric acid shown in Table IV, and 20 ml of 30% hydrogen 
peroxide. Five ml of 9M sodium hydroxide were placed in each of the two receivers. The flask was 

TABLE III.-TYPES OF OSMIUM TRACER SOLUTIONS 

Compound Ha&), Acid used for 

Type irradiated fusion dissolution 

A Osmium tetroxide No HCl 
B Osmium tetroxide No HGQ 
C (NH3@Br, Yes HCl 
D N-UBOsBra Yes &SO4 
E OS sponge Yes HCl 
F OS sponge Yes H,SO, 

A. After dissolution in HCI, osmium tetroxide was distilled 
with H,SO,-H,O, and received in NaOH solution, which was 
then acidified with HCl and diluted to 50 ml. 

B. Tracer A solution was three times evaporated to fumes 
with sulphuric acid (chloride-free) and diluted to ca. 30 ml with 
5N sulphuric acid, Some of the original activity was lost during 
the evaporations. 

C. Used after B*Br had decayed. 
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electrically heated with a mantle while a current of air was drawn slowly (2-5 bubbleslsec) through 
the apparatus. During the distillation period, 5-40 ml of 30 % hydrogen peroxide were added drop- 
wise to the distillation flask (to give the total volume shown in Table IV). The distillate collected 
in the receivers, with the water-washings, was transferred to a 25ml volumetric flask and diluted 
with water to volume. The activity of the distillate was measured with a scintillation counter (a 
single-channel analyser). The liquid remaining in the distillation flask was diluted to 25 ml and its 
activity was measured similarly. The total activity, i.e., the sum of the activities of the distillate and 
that left in the flask was consistent with that taken. The distillation apparatus was reduced in size as 
shown in Fig. 1 in order to be applicable to the range l-100 pg. 

TABLE IV.-DISTILLATION OF OSMIUM (TRACER AMOUNT w1~~0r.m CARRIER ADDED) 

Tracer 
Oxidant 

Expt. Type of amount, HaSOd 30% II&, Temp, 
no. tracer pg ml ml “C 

Duration, Residual Distilled 
min activity* % 

1 70 
2 ; 70 
3 A 70 
4 A 20 

5 B 20 
6 C 10 
7 C 10 
8 10 
9 : 

10 D 

11 E 3.2 12N, 40 
12 E 1.6 12N, 40 

13 F 10 
14 F 10 

:: F F 10 5 
17 F 5 
18 F 5 
19 F 55 

cont., 35 
cont., 25 
cont., 25 
12N, 40 

12N, 40 
WV, 40 
12N, 40 
12N, 40 
12N, 40 
12N, 40 

12N, 40 
K?N, 40 
12N, 40 
12N, 40 
12N, 40 
12N, 40 
12N, 40 

25 104k.20 22 
25 110 f 10 35 

28 127 f 5 25 106 & 4 ;: 

25 104*20 45 
60 105 f 4 43 
60 105 rt 2 60 
40 105 f 2 30 
50 107 f 5 45 
50 107 f 5 47 

50 105 * 2 63 
50 106 & 2 100 

50 105 f 4 120 
50 106 f 2 60 
50 107 * 5 60 
50 105 &2 45 
50 105 f 3 35 
50 105 * 2 35 
50 105 f 3 40 

Yes 98.0 
Yes 90-O 
Yes 95.0 
Yes 50.0 

Yes 80.0 
Yes 960 
Yes 95.0 
Yes 60 
Yes 96 
Yes 97 

Yt% 
Yes 

No 99.2 
No 98.8 
No 99.2 
No 99.8 
No 99.ot 
No 100.6: 
No 100*3~ 

* The activities remaining in the flask after distillation. 
t No hydrochloric acid was added to the pot. 
$ Hydrochloric acid (6M, 2 ml) added to the pot. 
Q Hydrochloric acid (6M, 2 ml) and osmium tracer mixed and allowed to stand overnight before 

distillation. 

In experiments l-5 (Table IV) less peroxide was added because of its very vigorous decomposition 
at higher temperature. 
into the sulphate. 

Experiment 5 showed the effect of previously converting the chloro-complex 
In the other experiments more peroxide than necessary was added, to allow adapt- 

ation of the process for analysis of ore samples. 
From the results in Table IV, it appeared that the conditions for experiment 19 were best. To 

determine whether ruthenium was co-distilled under these conditions,6 three aliquots of ruthenium 
tracer solution, each containing about 10 rg of the metal, were distilled. It was found that the 
amount of active ruthenium distilled (< O-2 rg) was negligible, and it was concluded that ruthenium 
is quantitatively retained. As in distillation of inactive osmium and ruthenium, both metals were 
always completely collected in the first receiver, containing 5 ml of 9M sodium hydroxide. 

DISCUSSION 

It is evident from Tables II-IV that when chloro-osmate is the starting material, 
complete distillation of osmium requires an extended period. However, as shown in 
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experiments 17, 18, 19, a small amount of hydrochloric acid has no retarding effect 
on the distillation of osmium initially present as sulphate species. It therefore seems 
probable that the important factor in preparing an osmium sample for distillation is 
the type of acid used to dissolve the sample after the peroxide fusion. 

It was originally expected that if all of the standard osmium materials were fused 
with sodium peroxide and dissolved with sulphuric acid, the product would show the 
same properties irrespective of the original forms. However, as shown in Table IV, 
the distillation characteristics of the original osmium form seem to be retained. 

These findings are in conflict with Gijbel’s, in contrast to which it was noted by 
the present authors that if the irradiated osmium sponge was fused with sodium 
peroxide and the black suspension from the water-leached product was acidified 
with hydrochloric acid, the osmium was not quantitatively distilled from the peroxide- 
sulphuric acid solution (see experiments 11 and 12 in Table IV). However, the differ- 
ence in results may have been caused by the lesser amount of hydrochloric acid used 
by Gijbels for the dissolution of osmium. 

As shown in the distillations 13-19 (Table IV). the only form of osmium prepared 
by the authors which gives complete distillation of the tetroxide from sulphuric acid- 
peroxide mixture in the time indicated in Table IV is that in tracer F. This fact will 
be of some importance when osmium or ruthenium are to be determined directly in 
ores. 

This approach is of course dependent on the use of the peroxide-sulphuric acid 
method for the selective isolation of osmium and ruthenium from ores and concen- 
trates.lO Nitric acid is the most commonly used reagent for the preliminary removal 
of osmium, but it effectively interferes in the removal of ruthenium. Perchloric 
acid is also avoided because no proven method has yet been recorded for the deter- 
mination of the remaining platinum metals in a perchloric acid medium containing 
base metals (though a solution to this problem will be reported later) and because it 
oxidizes both osmium and ruthenium. 

Zusannnenfassung-Die Destillationseigenschaften von Osmium und 
Ruthenium, die mit radioaktiven Tracern und inaktiven Verbindungen 
untersucht wurden, werden mitgeteilt. Die Tracerlijsungen wurden 
aus den Hexachloro- und Hexabromoverbindungen sowie aus den 
gereinigten schwammfiirmigen Metallen hergestellt. Osmium kann 
von Ruthenium quantitativ getrennt werden durch 40-min Destillation 
aus einer Losung mit Peroxid und Schwefelslure bei 110°C. 1st 
Osmium als Chloro- oder Bromokomplex anwesend, so beobachtet 
man langsame und unvollstlndige Destillation. Die optimalen 
Bedingungen zum L&en von Osmium und Ruthenium enthaltenden 
saureunlijslichen Materialien werden diskutiert. 

RWn&-On d&it les caractbistiques de distillation de l’osmium 
et du ruth&rium, qui ont 6te etudi6es en utilisant tant des traceurs 
radioactifs que des composes inactifs. Les solutions de traceurs ont 
et6 prepames B partir d’hexachloro et d’hexabromo composes et a 
partu des mousses purifi6es des deux metaux. On peut affectuer une 
separation quantitative de l’osmium du ruthenium par distillation a 
partir dune solution peroxyde-acide sulfurique a 110” pendant environ 
40 mn. On observe des distillations lentes et incompletes lorsque 
l’osmium est present a l’etat de chloro- ou bromocomplexe. On 
discute des conditions optimales pour la dissolutions de substances 
acido-insolubles contenant de l’osmium et du ruthenium. 
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SPEKTRALPHOTOMETRISCHE UNTERSUCHUNC DER 
REAKTION VUN BARIU~r~~N MIT 

SULFONAZO IIf 

Z. SLOVAK, J. FISCHER und J. BORAK 
Forschungsinstitut fiir reine Chemikalien, Lachema, Brno, Tschechoslowakei 

~E~g~~u~~n am 2.Uka&er 1%7, A~~~~~ nm 12. .Tunuar 1368) 

~~e~~-~~ molare ~xti~~onsk~~~~t des Barium- 
komplexes von Suifonazo III (ML-Typ) betti@ $45 * 10” bei 642 mu, 
der differentielle Extinktionskoeffizient bei pH 1,9-2,s 5,O Q IO*. 
Die auf Grund starker Dissoziation des Kompiexes bei der Barium- 
bestimmung praktisch anwendbare effektive Extinktionskoeffizienten 
bewegen sich etwa von I,5 bis 4,Q * IO4 in Abhangigkeit von pH und 
totaler Sulfonazo III -Konzentration. Es wurden die ~t~d~~~j~- 
konstanten des Kompiexes bei pH l&3,7 bestimmt und seine Zus- 
~en~~un~ ilberprtift. E&e neue Methode zur Bestimmung von 
Extinktionskoeffizienten bei kleinen Metalfkonzentrationen und 
verschiedenen Komplexbildnerkonzentrationen wurde entwickeh und 
tiberpriift. 

DIE von uns entwickelten Methoden zur coulometrischen titanometrischen Gehalts- 
bestimm~ng~ und Reinhei~kontro~~~ einiger Bi~zoderiyate der ~hromotrop~ures 
erm~g~ie~te~ die ~ntersuchung der Komplexbildung von Sulfonazo III f&7-Bis[azo-2- 
sulfophenyllchromotropsaure, siehe Strukturformel) mit Barium. Die analytische 
Verwendung von SuIfonazo III wurde bisher bei der spektralphotometrischen Barium- 
bestimmung sowie bei volumetrischen Sulfatbestimmungen mit Bariumionen als 

S&I-T 

~_~~~~~~~~~ 

8 SO*W 
Sulfonazo III 

Indicator bes~~ie~n.3~~ Bei gr~n~iGhern Studium am ch~omato~aphi~h reinen 
Sulfonazo PIP- konnten wirneue Werte der molaren Extin~ionsk~~ente~ sowie der 
Komp~exbildungskonsta~te feststehen, die von den bisher angegebenena betrachthch 
abweichen. Da es sich urn einen verhHltaismll3ig dissoziierten Komplex mit einem 
hohen Wert des molaren Extinktionskoef%ienten hand&, ein Fall, der bei der analy- 
tischen Ausnutzung der Komplexbiidung nur selten vorkommt und &rum wenig 
untersu~ht wird, haben wir uns n&her der Bestimmung der Z~a~ense~ung des 
Komplexes sowie den Methoden der B~t~mmung der Bi~dun~konstante und des 
molaren Extinktionskoeffizienten gewidmet. 

THEORETISCHER TELL 

Verwendete Symbole und Grundbeziehungm 

totale Metal& bzw. aimed-Konzentrationen molar 
Best~~digke~tskonstante 

8 
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Fur die Gleichgewichtskonzentrationen [Ml, [L], [M,L,] gilt : 

WI = CM - 4WJ&,I 

[L] = cL - b[M,L,]. 

(14 

(lb) 
A Extinktion bei der Schichtdicke 1 cm (Extinktionsmodul) 
AA differentielle Extinktion, gemessen gegen Blindversuch 
aL, &M, &I\I,L, molare Extinktionskoeffizienten 
Bei &1\I + 0 gilt: 

A = EM,L,' M&I+ EL' [Ll = &MaLb' DLLI+ ELCL - b.8~. B&I (2) 

und 
A - eLcL = AA = [M,L,] * (E~,~, - b - Ed) = [M,L,] * Aq.,rLO. @a) 

AESOP, wird als differentieller molarer Extinktionskoefhzient bezeichnet. 
Neben dieser Grosse definieren wir noch einen effektiven differentiellen molaren 

Extinktionskoefhzienten ALEM~L(, eiI: 

bzw. 
A& M,LI, ePf = a * AA/c= fiir a * cM < b.cL, (3) 

A.sypLb, eii = b - AA/cL fur a - CM > b.cL. (34 

Transformation der photometrischen Titrationskurven 

Bei einem grossen Metalltiberschuh (CM > cL) sind praktisch samtliche Liganden 
im Komplex gebunden : 

P&J = 4. (4) 

Fur den Grenzwert von AA auf dem horizontalen Ast der Titrationskurve (AA,,) 
gilt dann: 

AA, = AaySL, - c,/b (5) 

Daraus kann unmittelbar der Wert von AeMaLa bestimmt werden. Nach dem Einset- 
zen in die Beziehung (l), Logarithmieren und nach der Vereinfachung erhalt man im 
Fall eines ML-Komplexes die Gleichung einer Gerade : 

1% 
1 

cJcL - AA, - AA 
= -log 

AA,a--A AA + k* 

i&rliche Beziehungen kijnnen such fur Komplexe anderer Zusammensetzung (M,L,) 
abgeleitet werden. Als Beweis der Bildung des gesuchten Komplexes gilt der lineare 
Verlauf der transformierten Titrationskurve in den entsprechenden Koordinaten. 

Fur den Komplex ML hat die Konstante k der Geraden den Wert: 

k = log K - log Aq,rL. (60) 

Bei bekanntem AE~~ (aus AA,,, vgl. oben) la& sich daraus der Wert von K berechnen. 

Bestimmung von AE~~, und K bei nicht stabilen Komplexen 

Die Gleichung fiir K kann umgeformt werden (aus 1, la und lb) : 

(cM - a - [M,L,])” * (cL - b * [MC,])b - [M,L,]/K = 0. (lc) 
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Es ist sinnvoll daraus den Ausdruck d[M,L,]/d C~ fiir cL = konst. zu berechnen: 

4MabI 
( 1 dcM q, -komt. 

a& - a[M,LJ’-l * (cL - b[M,L,])* 

= a2(cH - a[MoLa])“-l. (cL - b[M,L,])b + b2(cM - a[M,LJ)” (7) 

. (cL - b[M,L,])b-l + l/K 

Der Richtungskoetiient der Tangente der Funktion 

M&,1 = f&d 
bei konstanter cL fiir lim CM -+ 0 (Anfang der photometrischen Titrationskurve eines 
Ligands durch Kation) ist bei einkernigen komplexen (ML,) gegeben durch Beziehung : 

Nach der Einfiihrung der photometrischen MeBgriissen fiir [ML,] erhglt man : 

= AE~~,,~~~ = AeSIL, . cLb 
cM-o cLb + l/K’ 

(8) 

(9) 

Nach weiterer Umformung ergibt sich eine ffir die graphische Liisung der gegebenen 
Aufgabe geeignete Gleichung : 

CL b = A&ML ) * CL~IAGL,,,~ - W (W 

4dLa,01f sind die aus den linear verlaufenden ansteigenden Anfangsabschnitten der 
photometrischen Titrationskurven fiir die entsprechenden cL errechneten Werte. 
In einem Diagramm cLb gegen c~*/A.Q~,,~~~ g ibt der Richtungskoetient der resultier- 
enden Gerade den gesuchten Werte A&ML,. Der negativ genommene Abschnitt 
der cLb-Achse liefert den Kehrwert der Bestindigkeitskonstnte K. 

In der Abb. 1 ist die Abhlngigkeit AeML,eii von der Konstante K angegeben. 

I I I I I I 
3 4 5 6 7 

log K 

ABB. I.-AbhZngigkeit des Koefiizientes AeIL,elf. von K. 
CL = S*lO-EM 1. , CL = 1 * lo-GM 2; cc = 2 - lo-6M 3; cr. = 5 * lo-KM 4; 

q = 1 - 10-d&f 5. 
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Hieraus lassen sich die Grenzen der praktischen Anwendbarkeit der Beziehung (10) 
ablesen. Analoge Diagramme werden such fur Komplexe ML, mit b > 1 erhalten. 

Aus Beziehung (10) geht hervor, da13 die Kenntnis von cn fur die Bestimmung 
von AexL, nicht notwendig ist; es gent&t eine konzen~iertere Lbsung des untersuch- 
ten Kompiexbildners in bekannten VerhSlltnissen zu verdtinnen. 

Eine analoge Beziehung zu (10) kann such fi,ir Komplexe M,L, die bei einem 
grohen Metalltiberschug entstehen, abgeleitet werden : 

(11) 

A%I,L&!f bedeutet hier den Richtungskoe~ienten der photometrischen Titrations- 
kurve des Kations mit dem Ligand fiir cL + 0. 

Die abgeleitete Beziehung zwischen AeMLbeeff und cL ist fiir die analytische Praxis 
sehr bedeutungsvoll, da die Werte von ~~~~~~~~~ g leichzeitig die Richtungskoethzienten 
der Eichkurven bei den photometrischen Bestimmungen bilden. 

Chemikalien und Geriite 
EXPERIMENTELLER TEIL 

Fiir alle Untersuchungen wurde chromatographisch reines Sulfonazo III (freie Slure)a verwendet ; 
die Ergebnisse wurden mit den handelstiblichen Produkten von Sulfonazo III p.a., LACHEMA 
Bmo, (Natriumsalze) tlberprtlft. Die Konzentrationen der Stammlosungen von Sulfonazo III 
(etwa 1 * lo-*M) wurden coulometrisch bestimmt.’ 

Die ~ri~ionen wurden in Form einer ~~u~i~d~s~g zugegeben. Die Konzentration der 
St~ml~sung (O,OS~) wurde komplexometri~h bestimmt. 

Alle verwendete Chemikalien waren analysenrein. 
Die spektralphotometrischen Messungen wurden auf dem registrierenden Spektralphotometer 

CF 4, Optica Milano, in 0,2 bis 2,0-cm Kiivetten durchgeftlhrt. Bei den angegebenen Werten handelt 
es sich stets urn Extinktionsmodule. Die Wellenlitnge der Messung betrug, falls nichts anderes 
angegeben wird, 642 rnn, wo das differentielle Absorptionsspektrum ein Maximum aufweist. 

Es wurden Absorptionskurven von 1 * 10-6M Sulfonazo III-Lbsungen gegen Wasser vermessen. 
Die Aciditat der Liisungen wurde durch kleine Zugaben von etwa 2M Perchlorsiiure, bzw. 2M Nat- 
ronlauge eingestellt. Einige der gewonnenen Kurven sind auf der Abb. 2 abgebildet. 

Ftir die Untersuchung des pH-Eintlusses auf die Bildung des Bariumkomplexes wurde analog 
verfahren: Durch Zugaben von Perchlorsaure wurde die AciditPt einer 5 * 10-BM Losung von 
Sulfonazo III eingestellt. Von dieser Losung wurden je 20 ml in zwei 25ml MeDkolben abgemessen 
und in einen der beiden Me~kol~n zusiitzlich 2,5 ml einer neutralen 2 - lo-*M ~i~nitratl~sung 
gegeben. Nach Aufftillen und Kontrolle des pH-Wertes wurden Spektren der ~~umhaltigen Losun- 
gen gegen die Blindlosungen aufgenommen. Aus den maximalen Werten von AA, die stets bei 642 nm 
lagen, wurden unter Annahme, da13 he yL = 5 * IO4 und daB ein Komplex des Typus ML entsteht (vgl. 
weiter), die Konstanten K errechnet Abbildung 3 gibt deren pH-Abhangigkeit wieder. 

Bei einem konstanten pH-Wert (2,80, mit Essigslure, bzw. 2,29, mit Perchlorsaure eingestellt) 
und einem konstanten Verhaltnis von cn und CL wurden die Abhiingigkeiten AA = f(c&) untersucht. 
Ftir einen gegenseitigen Vergleich sind die gewonnenen Werte von AA auf A~~r,,~t~ umgerechnet, 
und in Abb. 4 ~~engestellt. 

Photometrische Titratiomkwven 

Es wurden Abhiingigkeiten AA = f(cn) bei cL = konst. (2-10 * 10-6M) in 0,lM Essigslure 
(pH 2,80), bzw. in Britton-Robinsonschem Puffer pH 1,9(10 ml pro 25 ml, cN, = 2 - IO-“M)gemessen. 
Die erhaltenen Werte sind in der Abb. 5 aufgetragen. Erst bei einem etwa 50 fachen BariumtiberschuD 
sind die AA-Wetie von cM unabhiingig und betragen 1,O bei c r = 2 * 10-&M (Abb. 5, Kurve I) 
2,5 bei cn = 5 - 10-&M (&we 2), und 5,O bei cL = 1 - IO-*M (Kurve 3). Die ausgezogenen Kurven 
in der Abb, 5 wurden fur den weiter abgeleiteten Wert von As xI; 5 * lo* und filr K = 4,3 * lo4 berech- 
net. Die Richtungskoeffizienten der Tangenten tl, ts, ts (Abb. 5) betrugen 2,3 * lo*; 3,2 - 10’ und 
4,0 * IO4 (3 AE~I,,~~~ ftir car -+ 0). 
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400 450 600 550 600 650 7 

x Cm1 
ABB. 2.-Absorptionskurven. 

Kurven I-4 gegen Wasser; cr, = 1 - 1O-6M. 
I-pH 2,04 gilt such fti pH 1,5 bis 3,5; 2-pH 10,7; 
3-pH 11,4; 4-pH 12,0. 
5-differentielle Absorptionskurve bei Ba-Bestimmung (hA gegen 1) 
CJ, = 1 - lo-“M, cx = 8 . lo-%f, pH 2,80. 

0 

PH 

A~B. 3.-pH-Abhiingigkeit von Bestiindigkeitskonstanten. A aus photometrischen 
Titrationen abgeleitete Werte. 

Jobsche Kurve 

Die photometrische Untersuchung der kontinuierlichen Variationen in isomolaren Losungen 
wurde in OJM Essigs%ure (pH 2,80) bei cn + CL = 8 - 10-6M vorgenommen. Die Ergebnisse der 
Messungen gegen die entsprechenden Blindliisungen sind aus Abb. 6 ersichtlich. Die ausgezogene 
Kurve wurde fur Aearl = 5 - 10” und K = 4,3 - 10’ berechnet. 

Stiirung durch Natrium- und Calciumionen 

Der Eintlu8 von Natrium- und Calciumchlorid-Zugaben auf die Komplexbildung wurde in 
OJMEssigsHure (pH 2,80) untersucht. Bei den Messungen war cL = 1.04 - 10-sMund cu = 4.10-e&f 
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ABB. 4.-Effektive Extinktionskoeffizienten in Abhtigigkeit von cL. 
Kurven I-3 pH 2,80 Essigslure, Kurven 4-6 pH 2,30 PerchlorsSiure. 1 und 4-c& = 12; 

2 und 5-c& = 1,2; 3 und 6-cM/cz = 0,12. 

I I I 
I 2 3 

%I x104 

ABB. 5.-Photometrische Titrationskurven. 
pH 2,80; l-cL = 2 * 10-6M; 2--cr, = 5 * 10-6M, 3-cr, = 1 . 10-‘&f. tI, tl, t,- 

Tangenten der Kurven 1-3 fiir cp -S 0. Ausgezogene Kurven wurden berechnet. 
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I I I I I I I I I 
6 7 6 5 4 3 2 1 0 

.Q, Xl05 

ABE. 6.-Jobsche Kurve. 
pH 2,80; cx + c, = 8 * 10-6M. Ausgewgene Kurve wurde berecbnet. 

(Kurven 3, 4 und Ar.s, Abb. 7) bzw. cI = 8 - 10-KM (Kurven 1 und A&. Die aus den horizon- 
talen Asten der Kurven Al,, bzw. As,n und A,,, berechneten Werte von AE~~,~~ betragen bei Annabme 
eines Komplexes des Typus ML 4 - 10’ bzw. 1,4 - 1W. 

DISKUSSION 

Die Bildung eines Komplexes von Sulfonazo III mit Bariumionen macht sich bei 
Steigerung der Bariumkonzentration durch Erhiihung der Absorptionsbande mit 
einem Maximum bei 642 f 2 nm auf dem differentiell aufgenommenen Spektrum 
bemerkbar, .d.h. bei Wellenllngen, bei welchen sich die Absorption von reinem 
Sulfonazo III rasch 5ndert.s Der Wert von sr, bei dieser Wellenllinge betragt 1,45 - 104. 
Infolge dieses hohen Wertes ist es notwendig, alle Messungen differenziell gegen die 
entsprechenden Blindlosungen auszufiihren. 

Neben dem Hauptmaximum bei 642 nm kann man auf den Spektren noch ein 
Nebenmaximum bei 600 nm (Abb. 2, Kurve 5) beobachten. Das Verhlltnis der 
Extinktionen AA,,/AA,, ist konstant und betrligt 2,1. 

Aus den vermessenen Absorptionsspektren bei verschiedenen pH-Werten (Abb. 2) 
ist ersichtlich, daB in dem pH-Gebiet 2 bis 3, in welchem die Bestimmungen ausgeftihrt 
werden, praktisch keine Anderungen der Absorption auftreten. Deshalb konnten wir 
such nicht die Dissoziationsgleichgewichte von Sulfonazo III bei diesen pH-Werten 
photometrisch untersuchen und somit die Gtiltigkeit der friiher von BudtSfnskf 
angegebener? Dissoziationskonstanten tiberprtifen. Wir beschrankten uns auf die 
Bestimmung von Bestandigkeitskonstanten K, die die Verhiiltnisse in den gegebenen 
Systemen vollkommen ausdrticken, wobei fiir [L] die Differenz c,-[ML] (Komplex 
1: 1) eingesetzt wurde. Die meisten Untersuchungen wurden dann bei pH 2,80 
(0, IM Essigsaure) ausgeftihrt. 
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A 43- 

ABB. 7.--Stiirung von Natrium- und Cak%mionen. 
pH 2,80; cr, = l,O4 * 10-sM, t-3-Abh&&keit van eNa+; 4 und 5-Abh&qigkeit 
von ccSa+. Kurven Mg emessen gegen Wasser, AI,*, As,%, &-DiRerenz der ent- 

sprechenden Kurven. 
I-Q = 8 * lo-@M, 3 und 4-cx = 4 * lO-‘LM; 2 und 5-Blindwerte. 

Die Zusammensetzung des entstehenden Komplexes wurde in isomolaren L&un- 
gen bei pH 280 untersucht (Jobsche Kurve). Das Verhaltnis Metall-Komplexbildner 
ist 1: 1; aus der Form der Kurve (gemessen im Absorptionsmaximum 642 nm) 
ergibt sich, da8 ein stark dissoziierter Komplex vorliegt. 

Urn die Bildung eines einkernigen Komplexes des Typus ML zu bestltigen, wurden 
die photometrischen Titrationskurven (pH 2,80, Abb. 5) in eine Gerade transformiert, 
wobei gleichzeitig der Wert von K bestimmt werden konnte. Bei einem schwachen 
Komplex, der bei WeHenlZngen absorbiert, bei welchen selbst der Komplexbildner 
eine betr~chtliche Absorption aufweist, kann die logarithmische Analyse mit den 
angenommenen Vereinfachungen (vgl. z.B.&) nicht angewandt werden. Es ist im 
Gegenteil notwendig, die Messungen bei vergleichbaren Konzentrationen cr, und 
C~ vorzunehmen. Deshalb wurde die oben abgeleitete Beziehung (6) benutzt. Es ist 
die Gleichung einer Gerade, die in den entsprechenden Koordinaten durch den 
~chtungskoe~enten -1 charakterisiert ist. Aus dem Ordinatenabschnitt kann K 
berechnet werden. Es ist gtinstig, da8 die Messpunkte an beiden Seiten des extra- 
polierten Wertes liegen. AeM, wird mit Hilfe von AA, bestimmt (nach (5)). 

Die Ergebnisse der Transformation der drei photometrischen Titrationskurven bei 
pH 2,80 (cn = 2; 5 und 10 - 10m5M, vgl. Abb. 5) sind aus der Abb. 8 ersichtlich. 
Aus dem identischen linearen Verlauf der transformierten Kurven folgt, da8 in dem 
ganzen unte~u~hten Konzentrationsgebiet (en = 2 bis 10 * 1O-sM, cX 5 * 1O-6 
his 1 - 10-a&Q nur ein Komplex des Typus ML entsteht. Der experimentell bestimmte 
Wert des Richtungskoeffizienten betrlgt -0,97 und der Wert der Bestgndigkeits- 
konstante K (4,3 * 0,2) * 104. Der aus A& abgeleitete Wet-t von Acanr, belauft sich 
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-I,0 -1.0 ?O 
aa 

Lop hA,-AA 

kk+B. 8.-Transformierte photometrische Titrationskurven. 
0 cL = 2 - 10-6M; beI, = 5.10-“&f; o cL = 1 . IO-“M. 

auf 5,0 - 104 bei 642 nm. Mit Rticksicht auf den bekannten WerP von sL,s4s = 
1,45 - 104, folgt fiir den maximalen Wert von car, 6,45 - I@. Da in dem untersuchten 
pH-Gebiet 1,7-3,7 cL praktisch konstant bleibt und die Lage des Abso~tionsmaxi- 
mum sich nicht &rdert, bleibt such AeNr, in diesem pH-Gebiet konstant. Die er- 
mittelten Werte von K und de,, liegen in sehr guter ‘Ubereinstimmung nit den 
experimentellen Angaben, die bei der Aufstellung der Jobschen Kurve gewonnen 
wurden. Die ausgezogene Kurve in Abb. 6 wurde aus K und AelCIL errechnet. 

Auch die mit Hilfe von AenL = 5 - 104 aus Acnm, eft bei konstanten VerhUnissen 
c&~, Abb. 4, errechneten K-Werte stimmten sowohl bei pH 2,80 als such bei pH 
2,30 mit der auf Abb. 3 dargestellten Abhangigkeit iiberein. 

Der relativ niedrige K-Wert bewirkt die merkliche Abhtingigkeit der Richtungs- 
koeffizienten der linear ansteigenden Teile der photometrischen Titrationskurven, 
wobei handelt es sich eigentlich urn die Eichkurven fur die spektralphotometrische 
Anwendung von Sulfonazo III Z~Ba~um~stimmung (vgl. Abb. 5). DieseErscheinung 
kann zur gleic~itigen Bestimmung von K und As, aus den Messungen im Gebiet 
eines uberschusses an Komplexbildner, also bei Bedingungen der analytischen 
Anwendung des Reagenzes herangezogen werden, siehe Theoretischen Teil. 

Die Gtiltigkeit der abgeleiteten Beziehung fur die bei der Aufstellung von photo- 
metrischen Titrationskurven gewonnenen Angaben (pH 2,80, Essigsaure und pH 
1,9, Briton-Robinsonscher puffer) ist aus der Abb. 9 ersichtlich. Der extrapolierte 
K-Wert betrug 4,2 * 104 bei pH 2,80 und 1,3 * IO*beipH 1,9. Die ~chtungskoe~enten 
beider Geraden (Abb. 9) geben den Wert von AE ML = (4,8 rfi 0,3)- 104an. Diese Werte 
stehen in guter ubereinstimmung mit jenen, die bei der Auswertung ganzer 
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0 I 2 3 

-351 x 109 

hB. 9.-Abhlngigkeit der Richtungskoetiienten der Eichkurven von cL. 
I-pH 2,80 Essigs&ure; 2-pH 1,9 Britton-Robinson. o aus AeYL,elf, Abb. 6, 

Aa,%, Aa,s, errechneten Werte; A Analysen der Handelsprodukte. 

Titrationskurven, bzw. bei der Untersuchung des pH-Einflusses auf die Kom- 
plexbildung, erhalten wurden. 

Diese Ergebnisse deuten auf breitere AnwendungsmGglichkeiten der Beziehung 
(10) hin, z.B. in Fallen bei welchen die extrapolative Bestimmung von AEON bei 
Bedingungen eines groSen Uberschusses an c&r nicht mSglich ist (u.a. Bildung eines 
anderen Komplexes). 

Urn die Giiltigkeit der gewonnenen Werte und Beziehungen such ftir die handels- 
tiblichen Natriumsalze von Sulfonazo III zu iiberprtifen, untersuchten wir den EinfluB 
von Natriumionen auf die Bildung des Bariumkomplexes, und such die Sti)rungen 
durch Calciumionen die mit Sulfonazo III gleichfalls blau gefarbte Komplexe liefern. 

Nach den Angaben in Abb. 7 macht sich die Anwesenheit von Natrium bei den 
Bedingungen der photometrischen Bariumbestimmung (Uberschufi an Sulfonazo III) 
bei niedrigeren Konzentrationen als etwa 5 - 10dM nicht bemerkbar. Bei einem 
BariumtiberschuB, d.h. praktisch bei der Anwendung von Sulfonazo III als Indicator, 
wirken sich bei pH 2,80 etwa 5 - 10-2M Natriumkonzentrationen stiirend aus. 

Calciumionen stijren die Bestimmung bei Konzentrationen > 5 * 1O”‘M. Die bei 
kleinen Natrium- und Calciumkonzentrationen bestimmten Werte von As,, eil 
stimmen gut mit den auf der Abb. 4 bzw. 9 dargestellten Abhangigkeiten und so&t 
such mit den an der reinen S&ire gewonnenen Werten von K und Aen, iiberein. In 
guter Ubereinstimmung mit dem Verhalten der reinen Satire stehen such die von dem 
Betriebslaboratorium bei pH 1,9 (Britton-Robinsonscher Puffer) auf dem Spektral- 
photometer VSU-1 (C. Zeiss, Jena) bei den Kontrollanalysen gemessenen Werte der 
RichtungskoeBizienten der Handelspraparate Sulfonazo III, p.a., Lachema Brno. 
Ergebnisse dieser Messungen sind gleichfalls in Abb. 9 dargestellt. 

Abweichende und ausserdem nicht reproduzierbare Ergebnisse bekamen wir bei 
Verwendung von an der H+-Form von Dowex-50 entsalzenen LGsungen reiner Nat- 
riumsalze von Sulfonazo III, ohne nachtraglicher Umfallung. Nach Umfallung der 
entsalzenen Liisungen mit S&ire2 wurden diese Schwierigkeiten nicht mehr beobachtet. 

Es ist notwendig, die Bedingungen bei der Anwendung von Sulfonazo III ffir die 
photometrische Bariumbestimmung ‘streng zu standardisieren. Bei Einhaltung 
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konstanter Bedingungen ist es dann m6glich such die hohen Werte von AencL,en bei 
hBheren Sulfonazo III-Konzentrationen auszunutzen: Bei pH 2,80 kann z.B. Barium 
in einer Konzentration von 2 * lO-BM bei cL = 1 - lOAM, A.T,,,~,, = 4,0 * 104, mit 
einem Fehler von f 5% (VariationskoefEzient von 10 Bestimmungen) bestimmt 
werden. 

Summary_--Barium forms a 1:l complex with Sulphonazo III in the 
pH range 1.9-2.8, with E = 6.45 x lo4 at 642 mp. In the practical 
determination of barium by the proposed method, the effective value 
of E ranges from 1.5-40 x lOa, depending on pH and total reagent 
concentration, due to dissociation of the weak complex. Using a new 
method for the determination of the extinction coefficients of weak 
complexes, the values for this system, and also the apparent formation 
constants, have been found, and the composition of the complex 
verified for the pH range 1.7-3.3. 

R&me-Le baryum forme un complexe 1 : 1 avec le Sulfonazo III 
dans le domaine de pH 1,9-2,s. avec E = 6,45 x lo4 ii 642 rnfi. 
Dans le dosage pratique du baryum par la mtthode propode, la 
valeur reelle de E varie de 1.5 a 4.0 x 104. en fonction du PH et de 
la concentration totale en rkactif,‘ce qui est dfi a la dis&ation du 
complexe faible. En utilisant une nouvelle methode pour la dbter- 
mination des coefficients d’extinction de complexes faibles, on a 
trouve les don&es pour ce systeme et aussi les constantes de formation 
apparentes, et v&it% la composition du complexe dans le domaine 
de pH 1,7-3,3. 
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Summa~--A rapid spectrophotometric method for the determination 
of low levels of cobalt(III) with 2,2 -dipyridyl ketoxime is proposed. 
A 3 : 1 water-soluble complex which is easily extractable into chloroform 
and has an absorption maximum at 388 rnp forms instantaneously. 
Beer’s law is obeyed and the molar absorptivity is 19.5 x 10s. An 
investigation of the interference of 60 cations and auions shows the 
method to be widely applicable; it is simple, convenient and 
reproducible. 

NUMEROUS spectrophotometric methods have been proposed for the determination of 
cobalt.14 Of these, the nitroso-R-salt method is well established for the determination 
of traces of cobalt in such substances as soils, plants, animal organs and metallurgical 
products.3 More recently, phenanthrenequinone monoxime6 and Z-thenoyl~fluoro- 
acetone6 have been proposed for the spectrophotometric determination of cobalt, and 
dithio-oxamide’ and 2,3-quinoxalinedithiols have both been proposed for the simul- 
taneous determination of cobalt and another metal. The last-named reagent is claimed 
to be one of the most sensitive for cobalt. 

2,2’-Dipyridyl ketoxime (I) which has been reported as a new reagent for the 

‘OH 

spectrophotometric determination of golds and palladiumle is also suitable for the 
determination of cobalt. It reacts instantaneously in a basic citrate medium to form 
a water-soluble chelate which is easily extractable into chloroform. The method is 
highly sensitive, and relatively free from interferences. 

The reagent has the advantages that its ethanolic solution is stable indetiitely, and 
that symmetry precludes syz- and anti-isomers. Furthermore, the ketone is commer- 
cially available and to make the oxime takes only 5 min of refluxing with hydroxyl- 
amine hydrochloride. 

EXPERIMENTAL 
Reagents 

2,2’-D@yridyyl ketoxime. The parent ketone was either prepareds~tX or purchased (Aldrich) and 
converted directlyts with hy~o~Iamine hy~~hlo~de into the oxime, which was used as a 1 oA 
solution in 95 % ethanol. The solution is col~urless and indefinitely stable towards light. 

Standard cobalt solution. Ultra-pure cobalt metal was dissolved in aqua regiu, and the solution was 
evaporated nearly to dryness, diluted to 1 litre with doubly-distilled water, and further diluted to give 
a standard solution containing 8.86 mg of cobalt/ml. Class A glassware was used. 

843 
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Other chemicals. Reagent grade chlorides or nitrates were used to make solutions of diverse 
cations, and potassium or sodium salts for the anion solutions. ACS grade chloroform was used 
without further purification. 

Prom&ire 

Dissolve the sample by appropriate means and place an aliquot containing 6-60 pg of cobalt in a 
60-m] separating funnel with a small plug of Pyrex glass wool in the stem. Add about 3 ml of 50% 
sodium citrate solution and 1 drop of phenolphthalein indicator and adjust the pH with dilute 
potassium hydroxide or hydrochloric acid until a distinct pink colour appears. Dilute the contents 
to 15-20 ml with distilled water, add 3 ml of reagent solution, and shake the contents briefly. Extract 
twice with 7-8 ml portions of chloroform, transferring the extracts into a 25-m] glass-stoppered 
graduated cylinder. The glass-wool plug removes traces of water. Dilute the combined extracts to 
volume with solvent. Prepare a blank similarly. Measure the absorbance of the extract at 388 my 
and read off the amount of cobalt from a previously prepared caIibration curve. 

RESULTS AND DISCUSSION 
Spectral characteristics 

The chloroform solution of the complex exhibits an absorption maximum at 
388 rnp and at this wavelength there is negligible absorption due to the reagent (Fig. 1). 
Beer’s law is obeyed up to 3-5 ppm of cobalt; the moIar absorptivity at 388 rnp is 
19.5 x lo5 and the Sand& sensitivityI is O-0029 ,qcm-2. 

Iron( copper(I) and copper(U) also form highly coloured complexes with the 
reagent. 

o+- 

zoo 300 400 550 6 
Wovslmrtgth. mp 

FIG. l.-Absorption spectra of cobalt(II1) chelate and reagent. 
1. Pure Co(m) chelate [l-O6 ppm Co(III)] in chloroform. 
2. Reagent in ethanol. 

The optimum pH range for chelate formation and extraction was found to be 
8@-9-5 as the following values of absorbance at various pH (in brackets) show : O-212 
(11-g), 0.255 (ll.O), O-317 (9*8), 0.321 (g-6), 0.324 (8.7), 0.322 (8.2), O-318 (7,8), 0.313 
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(7-l) and 0.059 (5.1). Reaction was instantaneous and no cobalt could be detected by 
dithio-oxamide in the aqueous layer after extraction for 30 set with 10 ml of chloro- 
form. The completeness of extraction was confirmed by the constant absorbance of 
the second and third chloroform extracts. 

Eflect of time, reagent concentration and temperature 

The absorbances of chloroform extracts of the complex extracted immediately the 
complex had been formed, and 10 hr after formation, were identical. The absorbance 
of the extract was constant for 3 days but decreased by approximately 6 % during two 
weeks. There was no change in absorbance when 3 ml or 6 ml of the reagent were 
added. Normal variations in room temperature did not affect the absorbance. 

Choice of solvent 

The chelate can be extracted completely by chloroform or dichloromethane, 
partially by n-amyl alcohol, benzene, ethyl acetate, nitrobenzene or toluene, but not 
at all by carbon tetrachloride, cyclohexane, diethyl ether, hexane, or xylene. Chloro- 
form was preferred to dichloromethane because of its lower volatility and higher 
specific gravity. The insolubility in carbon tetrachloride is noteworthy. 

Precision and accuracy 

The precision and accuracy of the method were studied by analysing (10 times) 
solutions containing known amounts of cobalt. The results are summarized in Table I. 

TABLE I.--PRECISION AND ACCURACY 
. 

Cobalt, ppm 
Rel. std. 
dev., % Range, ppm 

Taken Found 
- 

0.35 0.35 1.2 0.01 
1.06 1.06 0.19 OGO 
2.13 2.12 0.48 0.03 

Eflect of diverse ions 

To study the effect of interferences a 200-fold excess of a foreign ion was added to 
26.58 lug of cobalt and the determination performed. The following ions did not 
interfere at this level: Ca(II), Ba(II), AI(III), Cr,0,2-, Pt(II), Ru(III), BT, F-, I-, 
Cl-, UO,(VI), Zr(IV), V(IV), V(V), WOq2-, Se(IV), Sn(II), Sn(IVj, Hf(IV), In(III), 
Cr(III), Mo(VI), Th(IV), Ga(III), S20d2-, NO,, SO,2-, Na(I), K(I), Bi(III), Sr(II), 
TI(I), Re(VII), Nb(V), Ta(V) and Ti(IV). One mg of Mg(I1) or Cd(II), and 4 mg of 
Te(IV), could be tolerated and so could large amounts of ClO,, S20s2-, NO”, 
S20s2- and C20d2-. 

Five mg of the following ions can be masked by addition of 2 ml of 5% sodium 
pyrophosphate solution: Zn(II), Be(II), Pb(II), As(III), Sb(V), Fe(II1); 1 mg of 
Mn(I1) and Rh(II1) were also masked under these conditions. Five mg of Ag(I), 
Au(III), or Hg(I1) can be masked with 2 ml of 5 ‘A sodium thiosulphate solution, and 
5 mg of Ir(II1) with 1 ml of 10% thiourea solution. 

Interference due to nickel was removed by washing the organic extract with 12-15 
drops of concentrated hydrochloric acid, which decomposed the nickel chelate but not 
the cobalt chelate. 
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Palladium and copper were separated by prior extraction of their acetylacetonates 
with 10 ml of 1: 1 v/v mixture of acetylacetone and chloroform at pH ~2. Then 3 ml 
of 50 % sodium citrate solution were added and the procedure followed. 

EDTA and cyanide interfere severely and must be absent. The presence of 
ammonium salts is also objectionable in alkaline media because they interfere by 
amine formation. 

Composition, stability, and structure of the complex 

The composition of the soluble cobalt complex was found by the mole-ratio 
method14 to be 3: 1 reagent:cobalt (Fig. 2). 

Moles of reagent per mole of cobol! 

FIG. 2.-Mole-ratio plot. 
Cobalt(II1) 3.2 x 10-SM with varying concentrations of ligand. 

This was confirmed by analysis of the orange solid left by evaporation of the chloro- 
form extract: found C, 60.5%; H, 3.9%; N, 19.2%; Co, 9.0%: Co(C,,H,N,O), 
requires C, 60.65%; H, 3.70%; N, 19.29%; Co, 9.02%. When the isolated solid 
complex was dissolved in chloroform, a spectrum identical with that of the extracted 
species was obtained. 

That cobalt exists in the tervalent state in the complex is supported by its stability 
in strongly acidic solutions, a characteristic of spin-paired ds cobalt complexes.ls 

The dissociation constant of the complex16 may be written as K = ac(nac)m/ 
c(1 - a) where n = 3, c is the molarity of the solution of the complex and a is the 
degree of dissociation defined by a = (AM - &)/AM. The values of u and c are 
obtained directly from Fig. 2. AM is the maximum absorbance obtained from the 
horizontal portion of the curve and As is the absorbance at the stoichiometric molar 
ratio of reagent to cobalt in the complex. The experimental value of Kis 7.09 x lo-la. 
Reliable values of K are generally obtained when As/AM is between O-7 and O*9;17 in 
the present work, the value was O-84. 

The chelate may be represented by: 
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Preliminary spectroscopic evidence indicates bonding through the nitrogen of the 
oxime group rather than through the oxygen of the hydroxyl group. This type of 
linkage was indicated in the infrared spectrum by the frequency shift of the C-N 
vibration. In the pure oxime this vibration was assigned to the peak at 1550 crn-l.lO 
In the protonated perchlorate complex of 2,2’-dipyridyl ketoxime, the C=N frequency 
shifts to 1530 cm-l. The effect of proton removal [structure (II)] shifts the C=N 
frequency to 1489 cm-l. This trend is in agreement with that found by previous 
workerG* who investigated pyridine-2-formaldoxime, a closely related compound. 

Ackrww]erleement-This work was supported by a grant from the National Research Council of 
Canada and a Province of Ontario Fellowship. 

Zusammenfassnng-Eine schnelle spektrophotometrische Method0 zur 
Bestimmung kleiner Kobalt(III)-Konzentrationen mit 2,2’-Dipyri- 
dylket-oxim wird vorgeschlagen. Es bildet sich augenblicklich ein 
wasser-liislicher 3 : l-Komplex, &r sich leicht in Chloroform extrahieren 
1&3iDt und ein Absorptionsmaximum bei 388 nm hat. Das Beersche 
btz gilt, der ExtinktionskoetXzient ist 19,s * 1Os. Eine Untersuchung 
iiber die Stonmgen von 60 Kationen und Anionen zeigt die weite 
Anwendbarkeit der Methode; sie ist einfach, bequem und reproduzier- 
bar. 

R&um&4)n propose une mtthode spectrophotom&ique rapide pour 
le dosage de faibles teneurs de cobalt (III) par la 2,2’-dipyridyl 
c&oxime. II se forme instantanement un complexe 3:l soluble dans 
l’eau, aistment extractible en chloroforme et qui a un maximum 
d’absorption B 388 nm. La loi de Beer est suivie et le coefficient 
d’absorption moltiulaire est de 19,5 x IO*. Une recherche sur 
l’interf&ence de 60 cations et anions montre que la m6thode est 
largement applicable; elle est simple, commode et reproductible. 
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SHORT COMMUNICATIONS 

Stability constants of some metal complexes of triethylenetetraminehexa-acetic 
acid and complexometric titration of rare earths and other metals 

(Received 27 February 1968. Accepted 10 March 1968) 

TRIETHYLENETETRAMNEHEXA-ACETIC ACID (TTHA)has been shown to be aninterestingcomplexing 
agent. Sievers and Bailarl studied the infrared spectra of its metal complexes and Bohigian and 
Martell* reported the stability constants of its complexes with magnesium, calcium, copper, cobalt, 
nickel, lanthanum, and thorium. Pfibil and Veselr reported its use as a titrant in determining many 
metals. 

We have determined potentiometrically the stability constants of some metal complexes of TTHA 
by using a similar method to that reported by Bohigian and Martell.’ The results for the non- 
protonated TTHA complexes are shown in Table I. Those for the protonated TTHA complexes 

TABLE I.~TABILITY CONSTANTS OF SOME NON-PROTONATED 1:1 METAL 

COh4PLEXES OF mm 

Metal 

Cadmium 
Cobalt 
Nickel 
Lead 
Samarium(III) 
Zinc 

log K 

This work Bohigian and Martell’ 

19.8 - 
20.4 20.6 
19.9 18.8 
195 - 
24.3 - 
20.1 - 

and the 2: 1 non-protonated complexes will be reported soon. Our results agree well with those re- 
ported by Bohigian and Martell. For instance, they reported log K for the La-TTHA (1: 1) complex 
as 23-l and we found log K for the Sm-TI’HA (1: 1) complex to be 24.3. 

The stability constants for most rare earth TTHA complexes have not yet been determined, 
but we have titrated all the rare earth metals, except promethium, with TTHA and found that they 
form 1: 1 complexes under the titration conditions. A back-titration method was used, in which a 
slight excess of TTHA was added, the pH was adjusted to 60-6.2 with solid hexamine, and the 
excess of TTHA was titrated with standard lanthanum solution, Methylthymol Blue being used as 
indicator. For 0.5 mmole of the rare earth, the average error was 05%. As reported previously, 
ceriurn(IV) is hydrolysed in slightly acidic medium even in the presence of EDTA and DTPA. It 
was found that cerium(IV) was also hydrolysed in the presence of TIHA at pH 2-6. On heating, 
the cerium precipitate gradually dissolved, through stages showing brown and yellow colours, 
until finally the solution became colourless. Cerium(IV) is easily reduced by ascorbic acid and then 
conveniently titrated with TTHA. For less than 1 mmole of rare earth metal, it is possible to titrate 
direct with ‘ITHA at pH 5-6, but we prefer the back-titration technique. 

We found both zirconium and hafnium were hydrolysed in the presence of TTHA at pH 1, but 
could be complexed by excess of ‘ITHA if the solution was heated for 10 min at 90”; after cooling, 
the excess of TTHA could be back-titrated with either lanthanum or lead at pH 6.2, with Methyl- 
thymol Blue as indicator. Other metals not previously studied with TTHA are under investigation. 

AcknowZe~ements-The authors express their appreciation to T. A. Bohigian for his assistance in 
computing the stability constants and to Terry Jones for his assistance in performing the rare earth 
titrations. 
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Department of Chemistry DONALD A. S~UCEK 
University of Missouri - Kansas City K. L. CHENG 
Kansas City. Missouri 64100, U.S.A. HENRY A. DROLL 

Summary-The stability constants of some non-protonated 1: 1 metal 
complexes of triethylenetetraminehexa-acetic acid are reported; log 
K values are Cd 19.8, Co(II) 20.4, Ni 19.9, Pb 19.5, Sm(II1) 24.3, Zn 
20.1. 

Zusammenfassung-Die Stabilitltskonstanten einiger nichtprotonierter 
Metallkomplexe (1: 1) von Triiithylentetraminhexaessigstiure werden 
mitgeteilt; die log K-Werte sind fiir Cd 19,s; Co (II) 20,4; Ni 19,9; 
Pb 19,5; Sm (III) 24,3; Zn 20,l. 

R&urn&--On rapporte les con&antes de stabilitb de quelques complexes 
m&alliques non proton& 1: 1 de l’acide tri&hyl&net&raminehexa- 
acetique; les valeurs de log K sont Cd 19,s; Co(H) 20,4; Ni 19,9; 
Pb 19,5; Sm(II1) 24,3; Zn 20,l. 
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Improved specific separation of selenium by solvent extraction with saturated 
monoketones 

(Received 22 December 1967. Accepted 18 March 1968) 

IN PREVIOUS paper++ we have shown that in moderately concentrated hydrochloric acid, selen- 
ium(IV) reads with saturated aliphatic monoketones (acetone, ethyl methyl ketone, diethyl ketone, 
isobutyl methyl ketone, etc.) to form organoselenium compounds that are soluble in chloroform. 
In our earlier work we were unable to decide which was the most suitable ketone, or the best method 
for complete decomposition of organoselenium compounds without loss of selenium. The aim of the 
present paper is to deal with these problems. 

EXPERIMENTAL 

The experiments were carried out with a solution containing 100 rg of selenium per ml and labelled 
with the &active isotope Ye; 1 ml of this solution had an activity of 4670 cpm. The ketones used 
were distilled, and then stored in the dark. The hydrochloric acid must contain no free chlorine, 
because the latter interferes with formation of the organoselenium compounds. 

Choice of ketones 

According to our previous work,4 the rates of interaction of selenium with various ketones do 
not differ significantly (except for isobutyl methyl ketone), at the same acidity. In the present investi- 
gation, attention was given to the availability of the ketones and to their behaviour during the de- 
composition of the organoselenium compound. The most suitable were acetone, ethyl methyl ketone 
and acetophenone. 

The aqueo;s phase containing 100 ,ug of selenium and 0.025-1.0 ml of ketone was acidified to the 
desired decree. diluted to 10 ml and shaken. After standing for 30 min. the organoselenium comuound 
was extracyed with 10 ml of chloroform, and the activity 07 both phases was Measured. Formaiion of 
the organoselenium compound begins at lower acidity with acetone or ethyl methyl ketone than 
with acetophenone, but at sufficiently high acidity formation is most complete with acetophenone. 
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Moreover, the extractability is independent of the total ethyl methyl ketone or acetophenone con- 
centration whereas it is strongly dependent on acetone concentration. The influence of sulphuric 
acid was examined because some types of sample are dissolved in sulphuric acid; 
2M concentration does not affect the extraction. 

sulphuric acid up to 

Decomposifion of fhe organaselenium compound 

It is very difficult to-decompose the organoselenium compound completely without formation of 
coloured decomuosition uroducts and loss of selenium. Manv uossibilities were studied. The best 
found was the one used in the recommended procedure. Its &ciency was checked radiometrically 
and no loss of selenium was found. 

~omposifion of the a~efophe~ne-seienium compound 

Selenium dioxide was dissolved in 7M hydrochloric acid in a separatory-funnel, then acetophenone 
(mole ratio acetonhenone:selenium = 25) was added dronwise with shakine. After formation 
of a white crystalline precipitate the mixture was shaken vigorously for a long crne and allowed to 
stand for 2 hr. Excess of ketone was extracted into benzene and the precipitate was filtered off under 
suction, washed first with chloroform, then with ethanol, and dried at room temperature. The white 
needle-shaped crystals were soluble in acetophenone and chloroform. Elementary analysis corre- 
sponded to the formula SeCl,(C,HO,),. 

APPLICATIONS 

Determination of selenium in copper concentrate 

Add 15 ml of cont. hydrochloric acid to 0.2-2 g of sample (depending on the selenium content). 
Heat on a water-bath until the evolution of hydrogen sulphide ceases, cool slightly and add 5 ml of 
cont. nitric acid; heat on a sand-bath at 200” and evaporate to a moist residue; dissolve the latter in 
3-4 ml of cont. hy~~~oric acid and evaporate again, repeating this twice more to remove the nitric 
acid and to dehydrate the silicic acid. Do not evaporate to dryness or heat the residue for long, lest 
selenium should partially volatilize. 
with 7-8 M hydrochloric acid. 

Filter off the silicic acid on a medium porosity filter and wash it 
Collect the filtrate in a 50-ml volumetric flask and dilute to volume 

with the same acid. Place 10 or 20 ml of the solution in a senaratorv-funnel. add 0,015 ml of aceto- 
phenone, shake the mixture, let it stand for 30 min. and exiract f&t with i0 ml and then 5 ml of 
chloroform (3-min shaking). Combine the extracts in another separatory-funnel and wash with 
3 nil of water for 30 sec. Transfer the extract to a 25-ml volumetric flask and evaporate the chloro- 
form on a boiling water-bath. Add 1 ml of cont. sulphuric acid and 3-4 drops of cont. nitric acid 
to the dry residue and heat for 20-30 min on a sand-bath at 200”. Cool the solution, add 1 ml of 
water and heat again to remove nitric acid and oxides of nitrogen, repeating this if the solution is not 
completely colourless. Dilute with water, cool to room temperature, and add 1 ml of 0.5 % gelatine 
solution, 1 m.l of cont. hydrochloric acid, O-5 ml of 1% bismuth nitrate solution and 1 ml of 25% 
tin(I1) chloride solution. Shake the mixture, dilute to the mark, let stand at 20” for 40 min, and meas- 
ure the absorbance at 430 rnp against a reagent blank, in 5-cm cells. Prepare a calibration curve 
covering the range 5-25 pg of selenium. 

When the method was applied to a copper concentrate the selenium content was found to be 91 
ppm, standard deviation 3 ppm (IO results). 
recovery of selenium. 

Standard addition experiments showed complete 

Defermination of selenium in telIurium 

Dissolve l-5 g of teliurium (depending on the selenium content) in 10 ml of aqua regia, on a 
sand-bath, and evaporate almost to dryness. 
acid, add 05 g of urea and evaporate again. 

Take up the moist residue in 10 ml of 8M hydrochloric 
Take up the residue in 8M hydrochloric acid and trans- 

fer the solution to a 50-ml volumetric flask. Add 0.015 ml of acetophenone to an aliquot of this 
solution, and after 30 min extract with 15 ml of chloroform. Wash the organic phase with 4 ml of 
water, shaking for 30 set, tilter through a paper moistened with chloroform, and determine the selen- 
ium as for copper concentrates. 
of high purity (99-9-99-999x). 

This method gives the possibility of determining selenium in tellurium 
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Smnmary-Acetophenone is the most suitable ketone for extraction 
of selenium into chloroform. Methods are given for determination 
of selenium in copper concentrates and metallic tellurium. 

R~~~L’~toph~one est la c&one la plus appropri&e pour 
l’extraction du sel&&un en chloroforme. On dorrne des methodes 
pour le dosage du s&nium dans des concentrats de cuivre et dans le 
tellurium m&allique 

Zusannnenfassnng-Zur Extraktion von Selen in Chloroform ist 
Aceto-phenon das geeignetste Keton. Es werden Vorschriften zur 
Selenbeetimmung in Kupf~kon~n~aten und in metallischem Tellur 
angegeben. - - 

REFERENCES 
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2. Idem, ibid., 1966,13, 163. 
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New chromogens of the ferroin-type-II 

Pyrido and pyridy1 derivatives of phenaxime and q~ox~ine 

(Receiued 25 January 1968. Accepted 2 March 1968) 

IN CONNECTION with further studies in the preparation of sensitive and selective chromogens of the 
ferroin type,’ Pfeiffer and Case* recently synthesized a variety of phenazine and quinoxaline deriv- 
atives. The quinoxaline derivatives have in common a 2-pyridyl group, and the phenaxines a 
pyrido[Z,3-a] group. Since the donor-atom groups of the former have greater flexibility than those 
of the latter, a comparative study of the chromogenic properties of the two types is of interest. It 
should reveal which is more conducive to chelation, flexibility or rigidity. Also, certain of the new 
derivatives possess two ferroin-type groups, each free to act independently of the other. The possibility 
that these compounds might form chelation polymers with metal ions also merits investigation. 
Hence, a study of the reactions of the new compounds with iron(H) and copper(I) has been made. 
The compounds are identified below by name and structure. They will be referred to by the roman 
numeral assigned to each. 

2-(2Pyridyl)quinoxaline (I) 

~uinoxaiine deri~oti~es 

2-(2-~idyl)pyrido~3,2-h]quinox~~e (II) 

2-(2-Pyridyl)dipyrido[2,3-f3’,2’-hlquinoxalme 2,3-bis(2-Pyridyl)pyrido[2,3-flquinoxaline (IV) 
(m) 
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2,6-bis(2-Pyridyl)dipyrido[2,3-f:3”,2’-h]quinoxaline (V) 

Phenazine derivatives 

Pyrido[2,3_a]phenazine (VI) 

Dipyrido[2,3-a:3’,2’jlphenazine 0 

Tripyrido[2,3-u: 3’,2’-c: 3”,2”]+phenazine (X) 

8,9,10,11-Tetrahydropyrido[2,3-a]phenazine (VI) 

Dipyrido[2,3-a:2’,3’4z]phenazine (DC) 

Tetrapyrido[2,3-u: 3’,2’-c: 2”,3”-h: 3”,2”- 
Jphenazine (XI) 

EXPERIMENTAL 

Samples of the eleven new chromogens investigated were provided by Dr. Francis H. Case of 
Temple University. The small amount of compound II available permitted study of only the iron(H) 
reaction, Analytical and preparative details have been reported elsewhere.* 

A description of the various standard solutions, pH buffers, reagents, and procedures used in this 
investigation appears in the previous publication of this series.l A 5-cm cell was used for spectral 
measurements of the very weakly absorbing iron(I1) chelates of compounds I, VI and VII. 

RESULTS AND DISCUSSION 

Some properties of the iron(H) and copper(I) chelates of the new chromogens are listed in Table I. 
Marked differences exist between the iron(H) chelates of the quinoxaline derivatives and those of the 
phenazine derivatives. The iron(H) chelates of the quinoxaline derivatives exhibit greater absorp- 
tivities and shorter wavelengths of absorbance maxima than those of the more riaid phenazine 
derivatives. The effect of lig&d flexibility is particularly striking on comparing the folyow&g closely 
related pairs: II and VIII, HI and X, IV and X, V and XL 
terdentate &and with respect to iron(H) co-ordination. 

Each of the six compounds should act as a 
The spectral data clearly reveal that a 
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certain degree of flexibility must be present in a terpyridine-type ligand if it is to be a sensitive iron 
chromogen. Two of the nitrogen donor atoms may be in a rigid fused ring system, as exempltied by 
l,lO-phenanthroline, but the third nitrogen donor atom must be incorporated in a flexible portion of 
the ligand, such as a pyridyl (but not a pyrido) group. Additional examples of this empirical rule can 
be cited. The flexible terdentate ligands 2,2’,2”-terpyridine and 2,3,5,6-tetra-2-pyridylpyrazine are 
closely related to compounds VIII and XI, respectively. Both form intensely coloured iron(I1) 

TABLEI.-PROPERTIES OF THE METAL CHELATES 

Metal 
ion Chromogen 

Chelate pH range for A 
colour max. colour Extractability nm E 

Fe(B) I 

G 
IV 
V 

z 
VIII 

IX 
X 

XI 

WI) I 

Iii 
Iv 
V 

VI 

z 
Ix 
X 

XI 

pale red 4-9 nil 
purp’e 4-8 nil 
purple 4-9 nil 
purple 4-8 nil 
purple 4-9 nil 
pale green 4-9 nil 
pale red 4-10 nil 
pale green 4-8 nil 
g=n (ppte.1 2-11 nil 
pale green 4-9 nil 
green (ppte.1 2-11 nil 

purple 3-9 

orange 
orange 
orange 
violet 
gold 
blue ppte. 
violet 
blue ppte. 
blue ppte. 

- 
5-9 
5-8 
5-8 
3-9 
3-9 
4-11 
4-9 
4-11 
4-11 

nil 
complete 
complete 
complete 
complete 
complete* 

nil 
insoluble 
insoluble 

538 30 
594 9500 
579 18700 
592 18300 
589 21800 
660 110 
418 145 
725 520 
- - 
719 710 
- - 

525 
- 
482 
484 
490 
550 
410 
614 
540 
- 
- 

4600 
- 
5000 
3900 
4400 
6800 
7700 
2100 
7300 
- 
- 

* Complex precipitates in isoamyl alcohol layer very soon after extraction from aqueous 
phase. 

chelates,*J but the more rigid compounds VIII and X do not. Flexibility thus plays an important role 
in determining the spectral characteristics of the iron(I1) chelates of these terdentate ligands. The 
nature of this role is not known. It could be steric, electronic, or both. 

The spectral data for the copper(I) chelates do not show any obvious trend associated with 
ligand flexibility or rigidity. Copper(I) complexes of the ferroin and cuproine type are usually 
tetrahedral bis-chelates with bidentate ligands. Spatial requirements being less stringent in this case, 
differences in ligand flexibilities should not have as great an effect on the spectral properties of the 
copper(I) chelates as they do on the iron(I1) chelates. 

The structures of compounds III, IV, V, IX, X and XI suggest that these could give rise to poly- 
meric chelates. Several (IX, X and XI) do form very insoluble coloured products with iron(I1) and 
copper(I). The broad pH range of precipitation and insolubility in common solvents are properties 
typical of polymeric substances. It is curious, however, that the other three compounds do not behave 
similarly. More detailed studies are necessary to resolve the question. 

According to steric arguments and various empirical studies,s compounds I, VI and VII should 
not be expected to give the characteristic intense colour reaction with iron(I1) commonly referred to as 
the ferroin reaction. The experimental results confirm this expectation. 

The quinoxaline derivatives of this study show little promise as calorimetric reagents for copper. 
The molar absorptivities of their copper(I) chelates are considerably less than those of other cuproine 
reagents currently in use. Stephen and Uden reached a similar conclusion regarding the chromogenic 
properties of some 26 derivatives of 2,3-bis(2-pyridyl)quinoxaline with respect to copper(I).6 
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Compounds HI, IV and V show promise as calorimetric reagents for the determination of trace 
amounts of iron, but their synthesis is involved and expensive. 

Acknowledgement-This investigation was supported by a grant from the G. Frederick Smith Chemical 
Company, and the compounds were provided by Dr. Francis H. Case 
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Northern Illinois University 
DeKalb, IIIinois 60115, U.S.A. 
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Summary--Eleven pyrido and pyridyl derivatives of phenaxine (6) 
and quinoxaline (5) have been examined as chromogens of the ferroin 
type for iron(B) and copper(I). Three of the quinoxaline derivatives 
show promise as reagents for iron(I1) but are expensive and difficult to 
prepare. 

Zusammenfassaag-Elf Pvrido- turd Pvridvlderivate von Phenazin (6) 
und Chinoxalin (5) wurden als Farb&agkntien vom Ferrointyp ftlr 
E&r(B) und Kupfer(I) untersucht. Drei von den Chinoxalinderivaten 
w&den sich als Reagentien fur EisenQI) gut eignen, sind aber teuer 
und schwierig herzustellen. 

Rem&--On a examine onze derives pyrido et pyridyl de la phen- 
azine (6) et de la quinoxaline (5) comme chromogenes du type ferrohre 
pour le fer(I1) et le cuivre(I). Trois des d&rives de la quinoxaline sont 
prometteurs comme reactifs du fer(II) mais sont chers et difficiles a 
preparer. 
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Phase titration with clartication end-point 

(Received 16 February 1968. Accepted 6 March 1968) 

A RAPID, routine experimental technique, not requiring elaborate instrumentation, was needed for 
the analysis of acetone-IBMK (isobutyl methyl ketone) mixtures. These compounds are not suffi- 
ciently different in density, refractive index, or other easily measurable physical properties to permit 
analysis by these means. It was therefore logical to consider phase titration with water or aqueous 
acetone. In the composition range of interest, however, the ternary binodal miscibility curve (Fig. 1) 
is approximately parallel to the IBMK-acetone side of the phase diagram, so that the classical method 
of phase titration is insensitive. In addition, the end-points are nearly invisible. 

Although phase titration techniques for the analysis of binary systems have been known for a long 
time, little use is made of them, perhaps because many systems show the same insensitivity as the one 
described here. However, even when the sensitivity is adequate, the variations of end-point behaviour 
with sample composition restrict the precision of the method and limit the ranges of compositions 
over which it can be used. 

Hitherto in phase titrations the appearance of cloudiness (indicative of a miscibility limit) has 
been taken as end-point. A third component miscible with only one of the binary components is 
added slowly to the clear binary solution (within an appropriate composition range) until the mixture 
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becomes turbid owing to the presence of a second phase. 
titration with water. 

Bogin’ analysed binary organic solutions by 
Siaeia and Hatma* used the method for the analvsis of ternary svstems. with one 

of the components deterked independently. These and many other >pplications &olve the crossing 
of binodal miscibility curves in the ternary systems at positions and angles which vary with the com- 
position of the samples being analysed. The sharpness and intensity of the cloud-point is related to 
these factors. Caley and Habboush* described techniques for minimizing errors in titration of hydro- 
carbon-alcohol systems with water, and more recently, Rogers and co-author&’ discussed the titra- 
tion behaviour of ternary systems exhibiting a variety of solubility relationships. These authors 

A (Acetone) 

A 

(water) 
Fxo. l.-Ternary liquid-liquid miscibility diagram illustrating the analysis of the 

binary system A-B by phase titration. 

find that, for a given system, the behaviour of the end-point varies so widely that only in a narrow 
segment of the composition range (typically 20--30x, see Fig. 2) can satisfactory end-points be 
obtained. In addition, the calibration curve is not geometrically simple in form and requires several 
calibration points for its determination. 

None of the authors cited above used clarhication end-points in lieu of the standard cloud end- 
point. Atwood: however, has discussed the factors affecting the visibility of the end-point (as also 
have Rogers et al.) and has further discussed the use of both cloud and clarification end-points for 
the determination of ternary liquid-liquid equilibria. The most easily seen end-points (either cloud 
or clarification) are obtained by titration along a line through the binodal curve at or near the plait 
point and preferably as normal to the binodal curve as possible. The method described below permits 
titration through the binodal curve at the same point (near the plait point) and angle for all samples 
of the binary system being analysed. Hence, the precision can be maximized and is independent of 
sample com$osition. 

Given a binary system of A and B (Fig. 1) and a third component, C, completely miscible with A 
but not B. it is possible to analvse for the fraction of A in any A-B mixture between pure B and 
composition Sx’as follows: to ‘an aliquot of the A-B sample-(for example, of composition S) is 
added a given volume of C, such that all samples will have the same pre-detined concentration of C 
(for instance, 33 ‘A v/v), lying along the line B’T. The sample, now two-phase and therefore cloudy, 
is titrated (with stirring) with a mixture of A and C (composition 2”) having the same concentration of 
C as the adjusted sample (in this case 33 % v/v). As the end-point E is approached, the mixture 
becomes more and more cloudy (due to increased dispersion), but at point E the cloud vanishes, 
giving a sharp end-point. The volume fraction, F *, of A in the sample can be computed by 

VtB - VtS 
Fa = - 

VtB + VS 
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Scmple composition. Vol %A \ 

Pure 
B 

-V5 

FIG. Z.-A comparison of the theoretical calibration curves for the classical and 
clariiication end-point phase titration techniques. 

where Vs is the sum of the volumes of sample aliquot and added C, Vts is the volume of titrant 
needed for a sample of pure B, and Vts is the volumeof titrant re@edfor thesample. Only one point, 
Vta, is in theory required for the calibration of the method (see Frg. 2) although more might be requir- 
ed to identify and evaluate those secondary phenomena leading to deviations from equation (1) or 
from linearity (see below). 

In its basic form, the method is limited to compositions between pure B and Sar. Coverage of the 
entire range, however, is possible by dilution of all samples with a%xed proportion (e.g., h equal 
volume) of pure B. Such modified samples would be analvsed as described. and the results obtained 
corrected hick to give the original samile compositions. ‘No similar procedure is possible to extend 
the range of the classical method, since the useful range does not generally extend to pure B, and the 
dilution required to bring some samples into the useful range would move others out of it. 

Secondary effects 

Small deviations from equation (1) can result from a number of causes, examples being changes in 
volume on mixing, thermal effects during titration, deviation of the Want from its theoretically 
correct composition (such that titration is not precisely along a constant X-C line), or possibly 
traces of moisture or some other component in the samples or titrant. The tit of these is significant 
in the acetone-IBMK-water system, inasmuch as the titrant density is higher than would be predicted 
for the ideal mixing of acetone and water. The actual volume of titrant, therefore, is equivalent to a 
larger volume of its components as measured on a before-mixing basis. There is no similar effect in the 
aceton&BMK binary system, and as a result there is an apparent difference in the relative calibra- 
tions of the pipettes and the burette used for taking aliquots and for titration, respectively. The 
over-all effect, while not strictly linear, is suthciently so within the precision of the titration to permit 
a linear correction to equation (l), of the form 

which leads to 

AVts = flA (2) 

(3) 
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Hence, the constant K behaves as though it were a correction to Vs, i.e., it adjusts the volume of the 
sample to be consistent with the “erroneous” burrette (though the error is not really in the burette, 
but in the titrant density). It is expected that those types of secondary phenomena encountered with 
other systems can be handled as easily, since the primary effect of such phenomena is only a change in 
the slope of the calibration line, deviations from linearity being secondary and of significance only in 
extreme cases. 

EXPERIMENTAL 

Three standard solutions of 10000, 75.00, and 5OW% v/v IBMK in acetone were prepared for 
calibration purposes, and a titrant of 33.3% v/v water in acetone was made up. 
IBMK and acetone and distilled water were used throughout. 

Reagent grade 

To a 125-ml Erlenmeyer flask, 10.0 ml of sample and 5-O ml of water were transferred with volu- 
metric pipettes. A magnetic stirring bar was added and the flask was covered with a two-hole rubber 
stopper, through which passed the tip of a 5OGml burette. An insulating sheet was placed between 
the magnetic stirrer and the titration flask to prevent heating from the motor. The sample was 
titrated to the disappearance of turbidity. The end-point was quite sharp and could be easily 
discriminated within l-2 drops of titrant. 

TABLE I.-CALIBRATION OF THE PHASE TITRATION OF ACETONE-IBm 

SOLUTIONS 

Sample composition Titration volume, 
% v/v IBMK ml 

100~00 

75.00 

50.00 

44.42 
44.27 
44.17 
44.27 
29.67 
29.62 
29.60 
15.05 
15.00 
15.10 

Mean = 44.28 
s = o-103 

Mean = 29.63 
s = 0.036 

Mean = 15.05 
s = 0.050 

s = standard deviation. 

The three standards, together with several unknowns, were sampled and titrated in random order 
and in replicate, all titrations being performed during the course of a single day. The results for the 
standards are given in Table I. The standard deviation for all samples (including the unknowns) 
was 0.07 ml, corresponding to 0.12% acetone. 

From the results for the three standards, the values of V~B and K were computed to be 44.28 ml 
and -0.82 ml respectively. Apparent deviation from linearity was at most only @03 ml, much less 
than the standard deviation, and hence statistically ins&n&ant. 

Solutions of water in acetone were titrated by a similar method. To 5 volumes of sample 1 volume 
of IBMK was added, shifting the compositions to the 16.6 % v/v IBMK line. The mixture was then 
titrated with a solution of 16.6 % v/v IBMK in acetone. An equally sharp end-point was obtained. 

DISCUSSION 

The procedure described greatly widens the scope of phase titrations for the analysis of binary 
systems. The application of the method to systems other than acetone-IBMK is quite straightfor- 
ward. If a phase diagram is available for an appropriate ternary system (which includes the binary 
system in question), the position of the plait point on this diagram will define the approximate titrant 
composition and the volume of the third component to be added to the sample aliquots. However, a 
phase diagram is not really necessary. If a third component can be found which is known (or sus- 
pected) to be of the proper type, i.e., will lead to a single closed binodal curve in the ternary system, 
titration along any of several constant X-C lines can be tried. The method is perfectly feasible 
(and essentially with linear response) whether the titration line passes close to the plait point or not. 
However, titration lines passing closest to the plait point will give the sharpest end-points. 

In the development of a method without the aid of a phase diagram, a sample of pure B, to which 
a selected quantity of C had been added, would be titrated with the comparable A-C titrant. From 
VW and Vs, a straight line could then be drawn, as in Fig. 2, intersecting the abcissa at S,, thus de- 
lineating the range over which the selected titration line would be useful without modification, or 
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defining the ratio in which all samples would be diluted with B in order to cover the entire binary 
range. If the selected titration line proved satisfactory, one or more additional points would then be 
obtained with standards (appropriately further diluted with B if the full range modtication is chosen) 
to establish the precise slope of the calibration line, with secondary phenomena taken into account. 

The method should also be applicable to the analysis of pseudo-binary systems. For example, the 
ratio of aromatics to non-aromatics in hydrocarbon mixtures could be estimated by addition of aniline 
followed by titration with an anilin+aromatics solution. Such a procedure would be much simpler 
than the usual “aniline point” method which requires that the sample be heated and/or cooled. 

Union Carbide Corporation 
P.O. Box 65, Tarrytown, New York, U.S.A. 

D. A. DUNNERY 
G. R. ATWCOD 

Summary-An improved method of phase titration has been developed 
for the analysis of binary or pseudo-binary systems. A clarification 
end-point is used in place of the usual cloud end-point. Advantages 
are that end-points are equally sharp over a wide sample composition 
range, the titration volume is a very nearly linear function of composi- 
tion so that often only one calibration point is needed, and the technique 
can be extended to cover the entire binary composition range. 

Zusammenfasstmg-Eine verbesserte Methode der Phasentitration zur 
Analvse bin&r oder nseudobinilrer Svsteme wurde entwickelt. Statt 
des ?iblichen Trilbtmgs-Endpunktes ‘wird ein Khlrungs-Endpunkt 
verwendet. Die Vorteile bestehen in foleendem: die Endmmkte sind 
in einem weiten Bereich der Probenzusa&ensetzung gleich’ scharf; das 
Titrationsvohunen ist in sehr guter Naherung eine lineare Fur&ion 
der Zusammensetzung, sod;9 oft mu ein Eichpunkt notwendig ist; 
das Verfahren kann iiber den ganzen bin8ren Mischungsbereich 
ausgedehnt werden. 

Resum&Gn a Blabore une methode amelioree de titrage de phase pour 
l’analyse de systemes binaires ou pseudo-binaires. On utilise un point 
final de clarification au lieu du point final de trouble usuel. Les 
avantages en sont que les points de fin de dosage sont egalement nets 
dans un large domaine de cornpositron de l’enchantillon, le volume de 
titrage est une fonction t&s sensiblement lineaire de la composition de 
sorte qu’un seul point d%talonnage est souvent necessaire, et l’on peut 
Btendre la technique pour couvrir tout le domaine de composrtion 
binaire. 
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Thin-layer chromatographic separation of scandium, yttrium, the rare earths, thorium 
and uranium(V1) 

(Received 17 January 1968. Accepted 14 March 1968) 

THE paper chromatographic separation of uranium, thorium and the rare earths from each other, 
which is of considerable interest in the field of nuclear chemistry, has already been accomplished by 
many investigators using both normal and reversed-phase techniques. However, there is less informa- 
tion about the separation of these metal ions from each other by thin-layer chromatography in 
spite of the advantages of rapidity and higher capacity. Thin-layer chromatographic separations 
involving scandium, the rare earths, thorium and uranium have scarcely ever been carried out by 
normal1 but mostly by reversed-phase chromatography.n-4 

The present work was undertaken to find more simple and effective normal thin-layer chromato- 
graphic systems for the separation of scandium, yttrium, the rare earths, thorium and uranium(V1). 
By eluting with a mixture of dioxan and hydrochloric acid or nitric acid on cellulose thin-layer 
plates, we have achieved many useful separations including scandium-yttrium-lanthanum; uran- 
ium(VI)-thorium-rare earths; scandium-thorium-rare earths; thorium-yttrium-lanthanum; 
and uranium(VI)-scandium-yttrium. Separations of the rare earths among themselves, however, 
were obtained only for some selected non-adjacent pairs. 

EXPERIMENTAL 

The test solutions were prepared by dissolving scandium, yttrium and rare earth oxides, and 
thorium and uraniumNI) nitrates. resnectivelv. in 1M hvdrochloric acid. The metal ion concentra- 
tion of each solution &&O*lM. . * ‘. a 

MN cellulose powder 300 (Macherey, Nagel & Co., Diiren, Germany) (15 g) was thoroughly 
blended with demineralized water (90 ml) in a fast electric mixer for 4 min. The mixture was immedi- 
ately spread 250 p thick on 10 x i0 cm~glass plates. The plates were dried first in air for 1 hr and 
then in an oven at 100-105’ for 30 min. The plates so prepared were placed in a desiccator over 
silica gel until ready for use. 

About 0.2 ~1 of a test solution was spotted with a glass capillary, at 2.5 cm from one end of the 
plate, and dried in air for 30 min. Development was carried out at 26-28” by the ascending technique 
until the solvent front had risen 10 cm. The developing solvents tested were: 

(a) dioxan-12MHCl (7:3) (d) dioxan-14MHN0, (7:3) 

(b) dioxan-12MHCl (1 :l) (e) dioxan-14MHN0, (1 :l) 

(c) dioxan-12MHCl (3 :7) (f> dioxan-14MHN0, (3:7) 

Subsequently, the plates were dried in air and the spots of metal ions located by spra ing with a 
0.1% aqueous solution of Arsenazo III. Yttrium, the rare earths, thorium and uranium &I ) formed 
green spots on the pink background. The violet spot of scandium appeared gradually about 30 min 
after spraying of the reagent, The spots of all metal ions remained stable for several days. 

RESULTS AND DISCUSSION 

The results of the experiments on the behaviour of scandium, yttrium, the rare earths, thorium 
and uranium(W) under various conditions of thin-layer chromatography are summa.r ized in Table I. 
The R, values of the front and rear limits of the spots are given. 

For the dioxan-hydrochloric acid system, R, values of uranium(V) and scandium decrease with 
increasing ratio of hydrochloric acid to dioxan, while those for the rare earths includin 

(gr 
yttrium 

increase. R, values for thorium are only affected slightly by variation in the dioxan-hy ochloric 
acid ratio. Therefore, with this solvent system, the rare earths, thorium and uranium(W) give 
markedly different R, values, which permits good separations, particularly when a lower ratio of 
hydrochloric acid to dioxan is used. Procedures for individual separations are given in Table II. 
Differences between R, values are satisfactory, but the spots of thorium are somewhat diffuse. The 
spread of thorium spots can easily be reduced by increasing the hydrochloric acid-dioxan ratio. 
In most cases pairs or groups of metal ions in widely different proportions may be completely separated. 
Thorium and uranium(W), thorium and lanthanum, and uranium(W) and lanthanum can be separa- 
ted effectively in proportions ranging from 1 :lOO to 1OO:l. 
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It is worth noting that a selected pair of rare earths, such as lanthanum and lutetium, is also 
separated very easily with this solvent system. A survey of the behaviour of individual rare earths 
in dioxan-hydrochloric acid (7:3 and 1 :l) systems indicates that R, values for the rare earths increase 
slowly with increasing atomic number, reaching a nearly constant value at dysprosium. This form 
of R, “spectrum” does not change with the variation in relative amounts of dioxan and hydrochloric 
acid. 

R, values for scandium, yttrium, the rare earths, thorium and uranium(VI) in dioxan-14M 
nitric acid systems are also tabulated in Table I. The nitric acid-dioxan ratio is not as critical as that 
of dioxan to hydrochloric acid. Even though the separation of uranium(VI) and thorium is dilIicult, 
there are still sufficient differences in R, values of uranium(W), thorium, scandium, and the rare 
earths in this solvent system for many separations to be achieved. 

The results of such separations are shown in Table II. Useful separations involving widely different 
proportions of scandium to uranium(W) and scandium to thorium are easily accomplished. Measure- 
ments of R, values for the individual rare earths in dioxan-14i nitric acid (7 :3) suggest that a selec- 
ted pair of the rare earths, i.e., lanthanum and a rare earth heavier than erbium, should be separated 
even in this solvent system. 

It is of interest to note that the eluting solutions presented here allow the rare earths and thorium, 
and scandium and thorium to be separated very easily: these separations are actually impossible 
even with anion-exchange in hydrochloric acid solutions of varying concentrations. Resides this, 
the eluting solutions reported here may also find further use in normal phase paper chromatography, 
in which traditional mixtures of mineral acids and alcohols have been employed almost exclusively. 

Acknowledgements-The author is indebted to Professor Rokuro Kuroda, University of Chiba, and 
to Dr. Fumio Aoki and Dr. Masuo Kojima, of this laboratory, for their valuable suggestions and 
comments. 
Government Chemical Industrial Research Institute 
Non-machi, Shibuya-ku, Tokyo 
Japan 

KOICHI OGUhfA 

Summa~-The chromatographic behaviour of scandium, yttrium, 
the rare earths, thorium and uranium(V1) in dioxan-hydrochloric 
acid and dioxan-nitric acid media on a plain cellulose thin layer has 
been investigated. The following separations are possible: scandium- 
yttrium-lanthanum, scandium-samarium-thorium, scandium-lantha- 
num-lutetium, yttrium-lanthanum-thorium, and lutetium-thorium- 
uranium(VI) with dioxan-12M hydrochloric acid (7:3) and scandium- 
samarium-thorium, scandium-yttrium-uranium(VI), lutetium-thori- 
um, and scandium-lanthanum-thorium with dioxan-14M nitric acid 
(7:3). A single chromogenic spray (Arsenazo III) has been used for 
the detection of all the metal ions studied. 

Zusammenfassun~Das chromatographische Verhalten von Scandium, 
Yttrium, den seltenen Erden, Thorium und Uran(VI) in Medien aus 
Dioxan und Salzslure sowie Dioxan und Salpeterslure wurde auf 
einer Cellulose-Dtlnnschicht untersucht. Folgende Trennungen sind 
miiglich: Scandium-Yttrium-Lanthan, Scandium-Samarium-Thor- 
ium, Scandium-Lanthan-Lutetium, Yttrium-Lanthan-Thorium sowie 
Lutetium-Thorium-Uran(V1) mit Dioxan: 12M Salzsaure (7: 3) und 
Scandium-Samarium-Thorium, Scandium-Yttrium-Uran(VI), Lutet- 
ium-Thorium und Scandium-Lanthan-Thorium mit Dioxan: 14M 
Salpeterslure (7:3). Ein einziger Entwicklerspray (Arsenazo III) 
wurde zum Nachweis aller untersuchter Metallionen verwendet. 

R&urn&-On a Btudie le comportement chromatographique de: 
scandium, yttrium, les terres rares, thorium et uranium(VI) en milieux 
dioxan-ide chlorhydrique et dioxane-acide nitrique sur une couche 
mince de cellulose ordinaire. Les separations suivantes sont possibles: 
scandium-yttrium-lanthane, scandium-samarium-thorium, scandium- 
lanthanelut&ium, yttrium-lanthane-thorium et lutbium-thorium- 
uranium(VI) par le dioxane-acide chlorhydrique 12M (7:3) et scan- 
diun-samarium-thorium, scandium-yttrium-uranium(VI), lutetium- 
thorium et scandium-lanthanethorium par le dioxane-acide nitrique 
14M (7:3). On a utilise une seule pulvCrisation de chromog&ne 
(Arsenazo III) pour la detection de tous les ions mttalliques Ctudits. 
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Spectrophotometric determination of tetrafhoroborate with ferroin 

(Received 11 December 1967. Revised 6 February 1968. Accepted 1 March 1968) 

ReLAnve~y few methods for the direct determination of the tetrafluoroborate anion have been 
reported in the literature. Lange’ precipitated this anion as the nitron salt but did not develop a 
systematic gravimetric method. Later, Lucchesi and DeFord* developed a procedure for pre- 
cipitation as the nitron salt. Schaack and Wagner” developed an indirect titrimetric method with 
cetyltrimethylammonium chloride as precipitant. Coursier, Hure, and Platr& developed a method 
involving extraction of tetraphenylarsonium tetrafluoroborate into chloroform; the tetratbtoroborate 
was then converted back into borate which was determined spectrophotometrically with curcumin. 
Archer and AffspruQ developed both a gravimetric and an indirect spectrophotometric method 
using tetraphenylarsonium chloride as a reagent. 

Ferroin, tris(l,lO-phenanthroline)iron(II) sulphate, has been used previously as a spectra 
a!l 

hoto- 
metric reagent for the determination of perchlorate,6*7 iodide,8 hexaSuorophosphate,* hex uoro- 
arsenate,lO and hexatIuoroantimonatell by selective extraction of the ferroin salt of the anion into 
either nitrobenzene or n-butyronitrile and subsequent measurement of the absorbance of the organic 
extract in the range 500-520 m,u. 

The same method is now applied to tetrafluoroborate. 

EXPERIMENTAL 

Reagents 

A O*OlM solution of ferroin was prepared from iron(I1) sulphate and l,lO-phenanthroline. A 
series of standard solutions of ammonium tetrafluoroborate was prepared from NH,BF, previously 
analysed by the gravimetric method of Affsprung and Archer.” Owing to the fact that ammonium 
tetrafluoroborate undergoes slow hydrolysis, these solutions were used within an hour of preparation. 
n-Butyronitrile was obtained from Eastman Organic Chemicals and used without purification. 

Calibration curve 

Mix 2500 ml of solution containing 04-14 pmole of tetrafluoroborate with 2 ml of O*OlM 
ferroin in a 15-ml glass-stoppered centrifuge tube. Add 5 ml of n-butyronitrile and shake the mixture 
vigorously for 2 min. Centrifuge for 2 min to separate the phases. Take a l-ml aliquot of the organic 
(upper) layer, and dilute it to volume with n-butyronitrile in a 5-ml volumetric flask. Measure the 
absorbance of this solution immediately in a l-cm cell against pure n-butyronitrile at 520 rnp; 
using a 0.1~mm slit-width (on a Beckman DU spectrophotometer). Plot the calibration curve. 

Development of method 

Two ml of O.OlM ferroin were added to a 2.50~ml aliquot of solution containing 0.3-8 ,umole of 
tetrahuoroborate and the mixture was extracted with four 5-ml portions of n-butyronitrile. The 
extracts were combined and diluted to volume with n-butyronitrile in a 25-ml volumetric llask, and 
the absorbance of this solution was measured at 520 rnp in a l-cm cell. The dilution factors made 
the absorbances obtained in single and multiple extraction procedures directly comparable. 

The colour stability was investigated in the usual way. The effect of pH on the extraction was 
determined over the range pH 2-10, with two different fluoroborate concentrations. 

A series of anions was tested for interference, by adding 0.20 mmole of an alkali metal salt of the 
anion to the aqueous fluoroborate solution and extracting. Sodium chloride, sodium acetate and 
potassium fluoride were tested for interference at a series of higher concentrations. 
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Archer and AffspruQ developed both a gravimetric and an indirect spectrophotometric method 
using tetraphenylarsonium chloride as a reagent. 

Ferroin, tris(l,lO-phenanthroline)iron(II) sulphate, has been used previously as a spectra 
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hoto- 
metric reagent for the determination of perchlorate,6*7 iodide,8 hexaSuorophosphate,* hex uoro- 
arsenate,lO and hexatIuoroantimonatell by selective extraction of the ferroin salt of the anion into 
either nitrobenzene or n-butyronitrile and subsequent measurement of the absorbance of the organic 
extract in the range 500-520 m,u. 

The same method is now applied to tetrafluoroborate. 

EXPERIMENTAL 

Reagents 

A O*OlM solution of ferroin was prepared from iron(I1) sulphate and l,lO-phenanthroline. A 
series of standard solutions of ammonium tetrafluoroborate was prepared from NH,BF, previously 
analysed by the gravimetric method of Affsprung and Archer.” Owing to the fact that ammonium 
tetrafluoroborate undergoes slow hydrolysis, these solutions were used within an hour of preparation. 
n-Butyronitrile was obtained from Eastman Organic Chemicals and used without purification. 

Calibration curve 

Mix 2500 ml of solution containing 04-14 pmole of tetrafluoroborate with 2 ml of O*OlM 
ferroin in a 15-ml glass-stoppered centrifuge tube. Add 5 ml of n-butyronitrile and shake the mixture 
vigorously for 2 min. Centrifuge for 2 min to separate the phases. Take a l-ml aliquot of the organic 
(upper) layer, and dilute it to volume with n-butyronitrile in a 5-ml volumetric flask. Measure the 
absorbance of this solution immediately in a l-cm cell against pure n-butyronitrile at 520 rnp; 
using a 0.1~mm slit-width (on a Beckman DU spectrophotometer). Plot the calibration curve. 

Development of method 

Two ml of O.OlM ferroin were added to a 2.50~ml aliquot of solution containing 0.3-8 ,umole of 
tetrahuoroborate and the mixture was extracted with four 5-ml portions of n-butyronitrile. The 
extracts were combined and diluted to volume with n-butyronitrile in a 25-ml volumetric llask, and 
the absorbance of this solution was measured at 520 rnp in a l-cm cell. The dilution factors made 
the absorbances obtained in single and multiple extraction procedures directly comparable. 

The colour stability was investigated in the usual way. The effect of pH on the extraction was 
determined over the range pH 2-10, with two different fluoroborate concentrations. 

A series of anions was tested for interference, by adding 0.20 mmole of an alkali metal salt of the 
anion to the aqueous fluoroborate solution and extracting. Sodium chloride, sodium acetate and 
potassium fluoride were tested for interference at a series of higher concentrations. 
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RESULTS AND DISCUSSION 

Seventeen ammonium tetrafluoroborate samples in the range 0.443-13.74 pmole were analysed by 
the single extraction procedure. Beer’s law was obeyed over this concentration ran 

Jea szz: squares analysis showed the slope of the calibration line to be @164 pmole-‘. cm-’ wt 
deviation of OGl13 pmole-l. cm-l. The exhaustive extraction procedure was used on nine ammonium 
tetratbtoroborate samples in the range 0.334-7.67 pmole. The slope of the exhaustive calibration 

TABLE I.--STABILITY STUDY ON EXTRACTS 

0 hr 
Absorbance after 

&hr 4hr 8hr 

0.85 0.166 0.154 0.140 - 
1.72 0.318 0.305 0.279 - 
256 0.459 0444 0.434 0.426 
3.41 0.598 0.586 0.562 0.560 
4.27 0.747 0.733 0.733 0.728 

line was found to be @221 pmole-l. cm-l with a standard deviation of OX026 pmole-‘. cm-l. There- 
fore 74.3 % of the tetrafluoroborate was extracted in a single extraction. It was found that the colour 
of the extracts faded at a moderately fast rate (see Tables Iand II) as also occurred in the previously de- 
veloped methods for hexatluorophosphate,* hexalIuoroarsenate,10 and hexafluoroantimonate.ll It 
would therefore seem imperative that the extractions and measurements bemade quickly. It was found 
that pH variations between 2.2 and 10.6 had no appreciable effect on the extraction. However, it 
should be mentioned that the extractions were made very shortly after the solution was buffered at the 

TABLE II.-ANION INTERPERENCE 

Compound used Degree of interference* Compound used Degree of interference* 

IU-WWI 
Na,HBO* 
NaBOI 
Na,PO,F 
N%CQ 
NaZQ 
NaG4 
Na&P& 
NaI-I,PO, 
NaZC, 
NaKC,H,OI* 
KF 

4H,O 

Strong, positive 
None 
None 
None 
None 
Slight, negative 
Slight, negative 
None 
Slight, negative 
Slight, negative 
Slight, negative 
None 

NH&l 
KIO, 
KNO, 
K&r@, 
Na$O, 
Na,SO, 
NaCl 

EO 
KS& 
NaC,H,O, 

Moderate, negative 
None 
Strong, positive 
Slight, negative 
Slight, negative 
Slight, negative 
None 
Strong, positive 
Strong, positive 
Strong, positive 
None 

l Key to notation: 
O-2 %-None 
2-5 %-Slight 
5-10 %-Moderate 
> 10 %-Strong 

desired PH. If the solutions should be allowed to stand at a low pH for very long, interference might 
occur, owing to acid catalysis of the hydrolysis reaction of the tetrafluoroborate anion. Anion inter- 
ferences are shown in Table II. It should be mentioned that fluoride and borate ions, which do not 
interfere singly, might interfere jointly in strongly acid medium owing to their reacting to produce 
more fluoroborate anion. This danger can be eliminated by keeping the solution in the pH region 
6-8. Sodium chloride, sodium acetate and potassium fluoride exhibit slight negative interferences at 
higher concentrations. 
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This method will give the most reliable results if the solutions are kept near neutrality and are 
analysed very soon after being prepared. The method is by far the fastest for tetrafluoroborate 
determination, but is limited by the precision (1% at best) of the classical methods for analysis of 
the ammonium tetrafluoroborate used for calibration. 
will be developed in the near future. 

It is to be hoped that more precise methods 

Acknowledgement-The ammonium tetrafluoroborate used was donated by the Ozark-Mahoning Co., 
Tulsa, Oklahoma, U.S.A. 
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Snnnnary-A spectrophotometric method for determination of the 
tetratluoroborate anion with ferroin is described. The ferroin tetra- 
fluoroborate is selectively extracted in the presence of excess of ferroin 
into n-butyronitrile, and the absorbance of the organic extract is 
measured at 520my. Beer’s law is followed over a wide range of 
tetrafluoroborate concentrations when a single extraction procedure is 
used. Exhaustive extractions indicate that 74 ‘A of the tetrafluoroborate 
is removed in a single extraction. 

Rt%un&-Gn d&rit une m6thode spectrophotom&rique pour le 
dosage de l’anion t6tratIuoroborate au moyen de ferrofne. Le t&a- 
fluoroborate de ferrolneest extrait selectivement en lapr6sence del’exc&s 
de ferrolne en n-butyronitrile et l’on mesure l’absorption de l’extrait 
organique a 520 m,u. Lorsqu’on utilise une seule technique d’extrac- 
tion, la loi de Beer est suivie dans un large domaine de concentrations en 
tetrafluoroborate. Des extractions exhaustives montrent que 74% du 
tetrafluoroborate sont 6limines en seule extraction. 

Zusanunenfassnn8-Eine spektrophotometrische Methode zur Be- 
stimmung des Tetrafluoroborat-Anions mit Ferroin wird beschrieben. 
Das Ferroin-Tetralluoroborat wird in Gegenwart eines Uberschusses 
von Ferroin selektiv in n-Butyronitril extrahiert und die Extinktion 
des organischen Extraktes bei 520 mn gemessen. Das Beersche Gesetz 
wird in einem weiten Bereich von Tetratluoroborat-Konzentrationen 
befolgt, wenn man mu eine Extraktion vomimmt. Erschopfende 
Extraktionen zeigen, da8 bei einer Extraktion 74% des Tetrafluoro- 
borats entfemt werden. 
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Determination of scandim in sea-water by atomic-absorption spectroscopy 

(Received 23 January 1968. Accepted 28 February 1968) 

THE study of trace elements in marine chemistry and geochemistry requires rapid, simple and sensitive 
methods of determination, producing accurate results. Atom&absorption spectroscopy is one such 
method, and has been used by Fabricand et al.’ to determine directly wpper, iron, manganese, 
nickel and zinc in sea-water samples without preconcentration. Magee and RahmarP determined 
wpper in sea-water by atomic-absorption spectroscopy, using ammonium pyrrolidinedithiocarb- 
amate to complex the copper. Recently Joyner and Finley8 employed a diethyldithiocarbamate- 
isobutyl methyl ketone extraction system to determine manganese and copper in sea-water. In all 
these determinations, the sensitivity reached the parts per thousand million level9 

Scandium in sea-water was Orst determined by Wattenburp who found 004 pg/l. by a spectro- 
graphic method. Later Shigematsu et al.6 found 0%04 @I. in Japanese coastal wat&s, u&ng calcium 
oxalate as carrier for collecting scandium. followed bv a snectrouhotometric method. The urocess 
was developed by isotope te&niqucs to-assure qua&ita&e recbvery. These two values ihow a 
discrepancy of a factor of ten. 

Since the occurrence of scandium is extremely rare in the earth’s crust, its scarcity in sea-water is 
to be expected, and a concentration step is therefore necessary before its determination. As large 
samples are used, extraction techniques seemed to be inconvenient and co-precipitation or co- 
crystallization appeared more appropriate. 

Concentration of scandium from sea-water 

Several methods of collecting scandium from sea-water were investigated by radiometric tech- 
niques, “%Sc(III) being used as tracer. When a litre of filtered sea-water spiked with ?!3c and adjusted 
to pH 5 with an acetate buffer was passed through a column (15 x 100 mm) packed with a chelating 
resin (Chelex-100, 50-100 mesh) and eluted with O.lM EDTA, 75-80x of the scandium activity was 
recovered. No further improvement in recovery was obtained by altering the pH of the sample or 
the concentration of the eluting agent. A longer column lowered the elution rate without increasing 
the. uptake efficiency. The ion-exchange method of concentration was not further investigated. 

The co-precipitation of scandium bith various hydrous oxides was then investigated: The sea- 
water samule (3 1.) was first acidified to DH 2 with hvdrochloric acid. filtered throueh a membrane of 
0.5 ,U por&ity; and equilibrated with c>. 0.2 ,L& 01 “Sc(II1) containing cu. 0.5 ~2 of scandium as 
carrier. Hydrous oxides of iron( indium(II1) and aluminium(II1) were precipitated by the 
addition of a salt of the corresponding ion (30 m&) followed by adjustment of the sea-water to various 
pH values. Hydrous manganese dioxide was produced by adding potassium permanganate and 
ethanol to the sea-water sample. The hydroxide precipitates were separated after settling by 
decantation and centrifugation, and dissolved in hydrochloric acid. Manganese dioxide was dis- 
solved in sulphurous acid. The recovery of scandium was determined by counting the y-activity of 
the solution and comparing it with a control standard of the same volume. Of the hydrous oxides 
studied, that of iron(II1) was found to recover quantitatively microgram quantities of scandium at a pH 
above 8 (Table 1). Maximum recoveries of 80 %, 85 % and 75 % at pH 8.5, 9-O and 8.0 respectively 
were found with the oxides of manganese, indium and aluminium. 

TABLE I.-RECOVERY OF 4eSc(III) FROM SEA-WATER BY HYDROUS IRON(III) OXIDE 

Riovery 
9-5 91 8.4 7.8 7.3 6.6 5.0 4.0 

% 101 99 100 99 93 88 69 15 

Separation of scandium from the precipitant 

Atomic-absorption spectroscopy does not suffer from chemical interference, but presence of 
large amounts of anions and cations can cause pronounced effects on the absorption (Elwell and 
GidleyO). As concentrations of iron above 2OOOppm lowered the absorption signal of scandium 
significantly, the removal of the iron was desirable. 

The readiness of iron(III) to form chloro-complexes in concentrated hydrochloric acid, whereas 
scandium remains as a cationic species, provides a possibility of separation by ion-exchange. The 
separation was studied with 2 ,cg of scandium labelled with YSc and 30 mg of iron in concentrated 
hydrochloric acid loaded into a column of anion-exchange resin in the chloride form. The column 
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was successively eluted with lO-ml portions of concentrated hydrochloric acid, and the effluent 
fractions were radiometrically assayed. It was found that the first 60 ml of the eluate contained all 
the scandium activity while the iron was completely retained by the resin. 

The total effluent was evaporated to dryness on a steam-bath. A pale yellow organic residue was 
left which was probably the organic matter concentrated from sea-water or the debris from the resin. 
It did not show any absorption interference with the spectral line of scandium. The evaporation 
involved no loss of scandium, as indicated by the @SC tracer activity. 

Atomic-absorption spectroscopy of scandium 

The optimum conditions and the extraction procedure for the determination of trace amounts of 
scandium as recommended by Chau’ were used in the present work. The sensitivity was enhanced 
by extracting the scandium into an oxine-butanol solution. 
was reported, a nitrous oxide-acetylene flame being used. 

A detection limit of 0.06 ppm of scandium 

No interference was experienced in the absorption measurement of 4 ppm of scandium in the 
presence of 200 ppm of each of the following ions: Fe(III), Ni, Co(H), Cu(II), Mo(VI), Cr(III), Na, 
Mg and Ca. All these concentrations exceed by far the possible contamination in the co-precipitation 
process. 

EXPERIMENTAL 

Iron chloride solution. Dilute an analytical reagent grade stock solution to give a solution 
containing 2 mg of iron/ml. 

Hydrochloric acid. Distil analytical grade hydrochloric acid and further saturate the distillate 
with hydrogen chloride generated by distilling concentrated hydrochloric acid. 

Scandium stanakrd solution. Dissolve high purity grade scandium oxide in a small amount of 
warmed hydrochloric acid. Evaporate on a water-bath to remove excess of acid. Dissolve the 
residue in 0*1&f hydrochloric acid to give a stock solution of 100 pg of St/ml. 
standard of 2 &ml by dilution. 

Prepare a working 

Zon-exchange resin. Anion-exchange resin Permutit DeAcidite FF-IP (SR4 71) 100-200 
mesh in chloride form was washed several times with 6M hydrochloric acid and packed into a column 
120 x 15 mm. The resin was conditioned by being washed several times with 20-ml portions 
of concentrated hydrochloric acid. 
after two runs. 

The resin deteriorated after repeated use and was replaced 

Wash-liquid. Dissolve 5 g of ammonium nitrate in 1 1. of distilled water and adjust the pH of 
solution to pH 8-9 with ammonia. 

YIc(III). Supplied by the Radiochemical Centre, Amersham, England. 

Apparatus 

A Techtron A.A.4 atomic-absorption spectrophotometer used with a high-temperature burner, 
model AR-40, with a 5-cm flame path. A scandium hollow-cathode lamp was supplied by Atomic 
Spectral Lamps Pty. Ltd. Australia. 

Instrument conditions for atomic-absorption spectroscopy of scandium: spectral line 39135 A; 
cathode lamp current 10 mA; flame mixture acetylene flow-meter reading 95, nitrous oxide 20 psi; 
monochromator slit 50 ~b; 5 x scale expansion. 

Determination of scandium in sea-water 

Acidify the-sample (201.) to pH 2 immediately after collection, by addition of dilute hydro- 
chloric acid. Filter throueh a membrane titer (0.5 11). and add a solution containine 80 me of iron. 
Adjust the pH to 8-9 wi& 234 ammonia, shake well and allow the precipitate to s&e oter-night. 
Syphon the clear supematant liquid through a glass fibre filter and centrifuge the rest in 50-ml 
centrifuge tubes. Wash the precipitate on the filter with l&ml portions of 0.5 % ammonium nitrate 
solution and that in the centrifuge tubes with three 2Gml portions of wash-liquid, centrifuging and 
decanting after each wash. Dry the precipitates in the centrifuge tubes on a steam-bath. Dissolve 
the precipitates on the glass filter and in the centrifuge tubes in 20 ml of concentrated hydrochloric 
acid, and pass the solution through the ion-exchange column. Elute the scandium from the col- 
umn with 150 ml of concentrated hydrochloric acid and evaporate the eluate to dryness. Dissolve the 
residue in ea. 3 ml of 0.OlM hydrochloric acid and adjust the pH to 2-4 with dilute acetic acid and 
sodium acetate. Transfer the solution to a 15-ml separating funnel and extract with 3 ml of 2.5% 
oxine in butanol for 1 min. Separate the layers by centrifugation and draw the alcohol layer into a 
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3-ml volumetric flask. Make up to the mark to compensate for the butanol lost by dissolution in the 
water. Spray the solution into the flame for absorption measurement. 

The blank from running the whole process on scandiumfree sea-water was extremely low when 
measured against pure butanol. Since the iron chloride reagent contains no detectable scandium, 
the blank may be prepared by running a slmilar amount of hydrochloric acid through the ion- 
exchange column, evaporating to dryness, and extracting with oxine in butanol. A standard is run 
by extracting 6 pg of scandium at pH 2-4 with 3 ml of oxme-butanol solvent, and malchrg up to 3 ml 
after extraction. The atomioabsorption reference blank is pure butanol, and all absorption mea- 
surements are made with respect to it. The absorption response is linear up to 5 rug of se/ml. 

RESULTS AND DISCUSSION 

Recovery of scandium from sea-water 

The recovery of scandium from sea-water was checked by radiometric and chemical methods. In 
the radiometric method, YSc with ca. 1 ,cg of carrier was added to 3-litre aliquots of scandium-free 
sea-water and analysed by the procedure above. The recovery was assemed by counting a suitable 
aliquot of the solution before the oxine-butanol extraction, and quantitative results were obtained. 
Since the extraction efficiency was found to be consistently 98 % at pH l-4, no correction factor is 
required if samples and standards are carried through under the same conditions. The chemical 
recovery was tested by adding known amounts of scandium to 3-litre aliquots of scandium-free sea- 
water and carrying them through the complete process and was satisfactory (Table II). 

TABLE II.---RECOVERY OF SCANDIUM 

WII) Cont. of Cont. of Sc Chemical Radiometric 
added, final solution, found, Recovery, Recovery, 

ccg PPm PPm % % 

-1 102 
-1 99 
-2 99 

5 1 0.98 98 

5 1 0.99 5 1 098 ;z 
10 2 2.01 100 
10 2 1.96 98 

10 : I.93 15 3.02 1; 
15 3 2.94 
15 3 2.95 99: 
20 4 4.04 101 
25 5 5.01 101 

(Sea-water sample 3 1. Final extraction volume 5 ml of 2.5 % oxine in butanol) 

Determinations made on two portions (80 and 100 1.) of a composite surface sample taken from 
the South China Sea showed that the scandium content was 0.01 & 0.005 &l. The size of sample 
was determined by the very low scandium content, the final scandium concentration in the butanol 
solution being less than 0.5 &ml. 

Storage of samples 

Adsorption by containers is a serious source of error in analytical work dealing with constituents 
at sub-microgram levels. Radiometric techniques have been used to determine the loss of scandium 
due to adsorption by various types of containers. Sea-water (11.) which had been filtered through a 
0.5~,u membrane was equilibrated with %c(III) as chloride, with 1 rg of carrier, and was pasteurized 
by heating twice to 80”. One series of samples was adjusted to the pH of natural sea-water (8.2) and 
the other to pH 2. Each of these series was stored in three types of sterilized containers: poly- 
ethylene, soda glass and pyrex glass. A standard was taken from each of these series and sealed in a 
counting tube for subsequent comparison work. 
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The samples were stored in the dark at room temperature. At weekly intervals, an aliquot was 
taken for scintillation counting against the standard. It was found that at pH 8, cu. 30% of the 
scandium was lost in the Pyrex container, 15 % in the polyethylene and 85 % in the soda glass con- 
tainer. Absorption equilibrium was reached in the first week and no further loss took place. In the 
samples acidified to pH 2, no loss of scandium was observed over a period of six weeks. It is there- 
fore recommended that the samples for scandium determination should be acidified to pH 2 at the 
time of collection and stored in any of the three types of container. 

Chemistry Department, Chung Chi College 
The Chinese University of Hong Kong, Hong Kong 

YIU-IbE CHAU 

Pm-YUEN WONG 

Summary-A method for the determination of scandium in sea-water 
at the sub-microgram level has been developed. Scandium is co- 
precipitated with iron(II1) hydroxide at pH 8-9, and then separated 
from the iron by ion-exchange. The final concentration is achieved by 
extracting the scandium into a solution of oxine in butanol. A nitrous 
oxide-acetylene flame is used for the determination by atomic-absorp- 
tion spectroscopy. Recoveries of 99-100% are obtained. The storage 
of the solutions before analysis has been investigated by radiometric 
techniques with 4sSc. The scandium concentration in surface waters of 
the South China Sea was found to be 0.01 4 0.005 pg/l. 

Zusammeafassuug-Eine Methode zur Bestimmung von Scandium in 
Meerwasser im Submikrogrammbereich wurde entwickelt. Scandium 
wird bei pH 8-9 mit Eisen (III) hydroxid mitgefallt und dam vom 
Eisen durch Ionenaustauch getrennt. Endgultig angereichert wird das 
Scandium durch Extraktion in eine Losung von Oxin in Butanol. Zur 
Bestimmung durch Atomabsorptionsspektrometrie wird eine Lachgas- 
Acetylen-Flamme verwendet. Man erhllt Ausbeuten von 99-100%. 
Die Aufbewahrung der Liisungen vor der Analyse wurde radiometrisch 
mit 46Sc tiberpriift. Die Scandiumkonzentration in Oberflachenwassern 
des Siidchinesischen Meeres wurde zu 0,01~0,005 pg/l gefunden. 

Rt%um&On a Blabore une methode pour le dosage du scandium dans 
l’eau de mer a l’echelle du submicrogramme. On coprecipite le scandium 
avec l’hydroxyde de fer(III) a pH 8-9, puis le &pare du fer par echange 
d’ions. La concentration finale est atteinte par extraction du scandium 
dans une solution d’oxine en butanol. On utilise une flamme pro- 

toxyde d’azote-acetylene pour le dosage par spectroscopic dabsorption 
atomiaue. On obtient des recuoerations de 99-100X. On a BtudiC 
la coAervation des solutions a&t analyse par des techniques radio- 
metriques avec le ?Sc. On a trouve que la concentration en scandium 
des eaux de surfaces de la mer de Chine du Sud est de 0,Ol & 0,005 
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Determination of vanadium in ore samples by atomic-absorption spectrophotometry 

(Received 12 February 1968. Accepted 2 March 1968) 

ATOMIC-ABSORP’IION spectrophotometry has been used to determine minor constituents in a wide 
variety of materials at levels of a few ppm or even less, but very little has been published on its use 
for determination of vanadium .l,*.* The present paper discusses the avoidance of use of organic 
solvents (added to improve the sensitivity) and the elimination of iron and hydrochloric acid inter- 
ference when an acetylene-nitrous oxide flame is used. 

EXPERIMENTAL 

Apparatus 

Atomic absorption spectrophotometer, Model 303, with premix type burner with nitrous oxide 
head, vanadium hollow-cathode lamp and Digital Concentration Readout Accessory DCR-1 (all 
Perkin Elmer products). 

A @lx w/v stock solution of vanadium was prepared by dissolving 2.296 g of pure ammonium 
metavanadate in a litre of demineralized distilled water, and diluted to give a range of suitable 
standards. The isopropyl ether used was saturated with 8M hydrochloric acid. Ore samples were 
digested in hydrofluoric acid and in a reagent made of 200 ml of cont. nitric acid, 55 ml of cont. 
sulphuric acid and 20 ml of 85 y0 phosphoric acid, mixed and diluted to 1 litre. 

Instrument settings 

The experimental working conditions were established in preliminary tests and are: wavelenath 
3184 A; lamp current 35 n&; slit setting 4 (1 mm; 7 A bandpass); scale expansion x 10; melter 
response setting 10; sample uptake lOml/min; flow-rates, N,O 30 psi, 8 flow-meter divisions, 
CzHa 8 psi, 15 flow-meter divisions. The 3184 A line under these conditions will detect a minimum 
vanadium concentration of 0.3 ppm. 

RESULTS AND DISCUSSION 

The type of flame giving maximum absorption was found by varying the acetylene flow and hence 
the height of the pink central zone of the flame. 
solution are summarized in Table I. 

The results obtained with a lo-ppm vanadium 

TABLE I.-EFFKC OF HEIGHT OF CE~ FLAW ZONE ON THE ARSORPT~ON 

POR A 10 PPM VANADIUM SOLUTION 

Height of pink flame, cm 4 
Absorption, % lll.0 2:4 363.5 29.0 1;7 

A calibration curve for vanadium, with central zone height 3 cm, is lmear up to 10 ppm. 
One way to increase the absorption is to increase the proportion of free atoms by preventing the 

formation of VO.* This can be done by adding ions which compete for oxygen species in the flame. 
When ahuninium chloride was added in increasing quantities the absorption increased, reaching 
a maximum when 200 ppm of aluminium had been added to a lo-ppm vanadium solution (Table II). 
Addition of 200 ppm of aluminium to all standards gave a steeper, but still linear, calibration curve 
up to 10 ppm of vanadium. 

Because it was intended to develop a method for determining vanadium in copper and iron ore, 
the effect of these elements and of hydrochloric and suIphuric acids was investigated. Copper(H), 
hydrochloric acid and sulphuric acid did not interfere in concentrations up to 0*5M, 0.1 M and OQM 
respectively, but iron(H) or (III) interfered at concentrations above 0.015M. 



872 Short communications 

TABLE II.-EFFECT OF ALUMINILMIONS ON THE ABSORPTION 
OF A lo-PPM VANADIUM SOLUTION 

.W+ added, ppm 
Absorption, % 

100 200 300 
46.0 48.6 48.6 

TABLE 111.-D ETERMINATION OF VANADIUM IN VARIOUS SAMPLES 

Sample 

Vanadium, % 

Atomic-absorption Colorimetry 

1 
2 
3 
4 
5 
6 
7 

NBS 61a :50.6 % V) 

0.61 0.63 
0.40 0.39 
@22 0.24 
0.11 o-10 
0.27 0.25 
0.86 0.89 
0.68 0.66 
0.31 0.33 

50.4 SO.5 

It is therefore necessary to eliminate the iron interference, which is more marked when the vanad- 
ium content is low and a 5-g sample or more must be taken. This can be done by extracting iron 
from 8N hydrochloric acid medium with isopropyl ether. 4 Because some vanadium is also extracted, 
the standard solutions must be treated in the same way, and because the high concentration of 
hydrochloric acid interferes, the solution, after extraction, must be evaporated to dryness and the 
residue dissolved in water (containing 05-l ml of cont. sulphuric acid to prevent hydrolysis), and 
diluted to a known volume before measurement. The rate of sample uptake does not affect the 
results. 

Several samples were analysed by atomic-absorption and by a calorimetric method,6 yielding 
the results in Table III. 

Department of Mines 
Faculty of Physical and Mathematical Sciences 
University of Chile 
Santiago, Chile 

RAIWL GOJXKE 

Summary--An atomic-absorption method is described for the deter- 
mination of vanadium in ores. With a nitrous oxide-acetylene flame 
and 200 ppm of Ala+ added to the sample, a sensitivity of @2 ppm for 
1% absorption can be obtained. Iron above 0*015M interferes but 
can be extracted into isopropyl ether from 8M hydrochloric acid; the 
hydrochloric acid itself then interferes and must be removed by 
evaporation. 

R&aun&-On d6crit une methode d’absorption atomique pour le 
dosage du vanadium dans les minerais. Avec une tktmme protoxyde 
d’azote-acetylene et l’addition de 200 ppm d’Al*+ B l’echantillon, 
on peut obtenir une sensibilite de 0,2 ppm pour 1% d’absorption. 
Le fer au-dessus de 0,015M g&e mais peut etre extrait en ether 
isopropylique a partir d’acide chlorhydrique; l’acide chlorhydrique 
lui-msme g&e alors et doit Btre 6limin6 par evaporation. 

Zusammenfassung-Eine Atomabsorptionsmethode zur Bestimmung 
von Vanadium in Erzen wird beschrieben. Mit einer Lachgas- 
Acetylen-Flamme und Zugabe von 200 ppm AP erhllt man eine 
Empfindlichkeit von 0,2 ppm ftir 1% Absorption. Mehr Eisen als 
0,015M sti%t, kann jedoch aus Salzslure in Isopropylather extrahiert 
werden; die verbleibende Salzsaure stiirt ihrerseits und murk durch 
Abdampfen entfernt werden. 
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Determination of part-per-milliard concentrations of mercury by atomic- 

fluorescence flame spectrometry 

(Received 5 December 1967; Accepted 31 January 1968) 

THE determination of mercury is of considerable importance in clinical and toxicological investiga- 
tions. The methods most widely employed in the determination of mercury are a calorimetric proced- 
ure using dithizonti and, more recently, atomic-absorption flame spectrometry.‘~* The best detection 
limits for mercury have been reported by Lindstrom’ who detected a001 ppm of mercury in aqueous 
solution by vaporizing the solution in the flame of a Beckman oxy-hydrogen burner, collecting the 
filtered vapour, and measuring the mercury content in a commercial mercury vapour meter. This 
paper reports the development of an atomiofluorescence method for mercury whtch achieves com- 
parable detection limits with savings in time and sample handling. 

The atomic fluorescence technique has been described by Winefordner and Vi&em.” The atomic 
fluorescence of mercury has been investigated previously by Winefordner and Staab” and Mansfield 
et al.’ In these investigations a detection limit of 0.1 pg of mercury per ml was achieved by aspirating 
aqueous solutions directly into the flame above an integral aspirator-burner. In the present investi- 
gation a solvent extraction procedure has been used and the mercury aspirated in an organic solvent. 
The use of the solvent extraction procedure allows concentration of the mercury, increased aspiration 
rate, improved atomization efficiency and reduction of noise due to the scattering of exciting radiation 
by unvaporized solvent droplets. 

EXPERIMENTAL 

A Beckman model DU was used as the monochromator. The sample and photomultiplier com- 
nartments were replaced bv a side-window photomultiplier housing with an lP28 Photomuhinlier. 
ihe photomultipli& voltage and signal ampliffication w&e provided%y a combinati&n power supply/ 
amplifier (Jarrell-Ash 26780). The signal was read directly from the meter of the power supply/ 
amplitier unit. The burner was of the integral-aspirator type (Jam&Ash 82-341 HETCO). The 
exatation source was a mercury pen light of the type used for wavelength calibration of spectrom- 
eters (Ultra Violet Products. Inc.. San Gabriel. Cahfomia). The nen lieht was enclosed in a metal 
box to reduce the intensity.of radiation scattered into the mono&o&or. A single l/2 x I in. 
opening in the box allowed illumination of the flame. 

The arrangement of components is shown in Fig. 1. It was found that maximum fluorescence 
resulted when no lens was used in the exciting beam and the source was moved as close to the flame 
as the apparatus would permit (about 2 in.). Another source, a Phillips mercury vapour discharge 
lamp, was also tested, but the intensity of fluorescence was much less than that obtained with the 
pen light. The low fluorescence intensity seemed to be due to self-reversal of the mercury line at all 
currents for which a stable discharge could be maintained (@2-0*9 A). 

The mercury stock solution was prepared by dissolving the appropriate weight of reagent grade 
mercuric chlortde in demineralized water. Other mercury standards were prepared by dilution. 
Chloroform and isobutyl methyl ketone (IBMK) were used without further purification. Dithizone 
(diphenylthiocarbazone) solutions of concentration approximately O-1 % w/v were prepared in chloro- 
form and IBMK. The solutions were filtered before use but otherwise were used wtthout puritication. 
Reagent grade acetic, hydrochloric and sulphuric acids were used. 
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paper reports the development of an atomiofluorescence method for mercury whtch achieves com- 
parable detection limits with savings in time and sample handling. 

The atomic fluorescence technique has been described by Winefordner and Vi&em.” The atomic 
fluorescence of mercury has been investigated previously by Winefordner and Staab” and Mansfield 
et al.’ In these investigations a detection limit of 0.1 pg of mercury per ml was achieved by aspirating 
aqueous solutions directly into the flame above an integral aspirator-burner. In the present investi- 
gation a solvent extraction procedure has been used and the mercury aspirated in an organic solvent. 
The use of the solvent extraction procedure allows concentration of the mercury, increased aspiration 
rate, improved atomization efficiency and reduction of noise due to the scattering of exciting radiation 
by unvaporized solvent droplets. 

EXPERIMENTAL 

A Beckman model DU was used as the monochromator. The sample and photomultiplier com- 
nartments were replaced bv a side-window photomultiplier housing with an lP28 Photomuhinlier. 
ihe photomultipli& voltage and signal ampliffication w&e provided%y a combinati&n power supply/ 
amplifier (Jarrell-Ash 26780). The signal was read directly from the meter of the power supply/ 
amplitier unit. The burner was of the integral-aspirator type (Jam&Ash 82-341 HETCO). The 
exatation source was a mercury pen light of the type used for wavelength calibration of spectrom- 
eters (Ultra Violet Products. Inc.. San Gabriel. Cahfomia). The nen lieht was enclosed in a metal 
box to reduce the intensity.of radiation scattered into the mono&o&or. A single l/2 x I in. 
opening in the box allowed illumination of the flame. 

The arrangement of components is shown in Fig. 1. It was found that maximum fluorescence 
resulted when no lens was used in the exciting beam and the source was moved as close to the flame 
as the apparatus would permit (about 2 in.). Another source, a Phillips mercury vapour discharge 
lamp, was also tested, but the intensity of fluorescence was much less than that obtained with the 
pen light. The low fluorescence intensity seemed to be due to self-reversal of the mercury line at all 
currents for which a stable discharge could be maintained (@2-0*9 A). 

The mercury stock solution was prepared by dissolving the appropriate weight of reagent grade 
mercuric chlortde in demineralized water. Other mercury standards were prepared by dilution. 
Chloroform and isobutyl methyl ketone (IBMK) were used without further purification. Dithizone 
(diphenylthiocarbazone) solutions of concentration approximately O-1 % w/v were prepared in chloro- 
form and IBMK. The solutions were filtered before use but otherwise were used wtthout puritication. 
Reagent grade acetic, hydrochloric and sulphuric acids were used. 
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Procedure 

Extractions from aqueous solutions were made with dithizone in both chloroform and IBMK sol- 
ution. Both solvents proved suitable for introduction into the flame, but very different flame condi- 
tions were required for the two solvents. The optimum experimental conditions are shown in Table I. 

TABLEI,~P~~EXPERLME~~COM)ITIONSM)RDETERMINA- 
TiON OF MERCURY 

Chloroform 

Flow-rate, Hs, I./min 26.8 
Flow-rate, 0,, l./min 8.8 
*Flame height, cm 8 

Spectral line 2537 A; slit-width 2 mm. 

IBMK 

7.2 
6.5 
8 

* Measured from burner top to centre of entrance aperture. 

The extraction was carried out as follows, To 100 ml of the mercury solution, brought to approxi- 
mately pH 1 by addition of either concentrated hydrochloric acid or 1: 1 05M sulphuric acid-O%4 
acetic acid mixture, were added 2 ml of O.lM dithizone solution in either chloroform or IBMK. 
The solution was thoroughly shaken and allowed to stand for 5-10 min and then the organic layer 
was collected in a lo-ml beaker and aspirated directly into the flame. No corrections were made 
for possible mutual solubility losses of the two layers. Such losses should & small and constant for 
the solvents employed, over the range of sample concentrations investigated. For a wider range of 
sample types where a variation in mutual solubilities might be expected, the organic layer should be 
diluted to known volume before aspiration. 

With urine samples considerable emulsion formation occurred on shaking. No useful separation 
of the layers could be achieved with chloroform as solvent. With IBMK the layers were allowed to 
stand for about 10 min and the organic portion plus the layer of emulsion was then run into a 15-mt 
centrifuge tube. After ~trifu~tion for 5 min the organic layer was withdrawn with a syringe, 
placed in a IO-ml beaker and aspirated into the Same. 

Aqueous solutions containing OGX, 0.01, 0.10, 1.00 and 500 pg of mercury per ml were extracted 
according to the procedure described and used to provide calibration curves. A blank treated in the 
same fashion as the sample was run with each sample measurement The blank allowed correction for 
the signal due to scattering of exciting radiation. Fluorescence signals reported are thus the result 
of pairs of blank-sample measurements. Blank corrections were onIy appreciable at the highest 
sensitivity setting (IO-* A full scale) used with the lowest sample concentrations. 

RESULTS AND DISCUSSION 

Calibration curves (log-log plots of meter reading us. concentration) were straight lines of unit 
slope up to 5 pg/ml, the highest concentration measured, for both the chloroform and XBMK proced- 
ures. The chloroform extraction procedure gave the greater signal for a given concentration. At 
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1 &ml an average fluorescence signal of 178 divisions was obtained with the chloroform solution 
while the same concentration in IBMK gave a meter reading of 23 divisions. The limiting detectable 
concentration was approximately 0002 &ml in either solvent. A standard deviation of 04301 
rg/ml was calculated for the blank-sample pair measurement of mercury in 8 solutions containing 
0405 rug of mercury per ml, the IBMK method being used. A standard deviation of 0.002 &ml 
was found for similar measurements with chloroform being used as solvent. 

A brief study of the determination of mercury in urine indicated the feasibility of this determination 
via the IBMK extraction procedure. The results of a recovery study are shown in Table II. No 

TABLE II.--RECOVERY OF MERCURY 
ADDED TO URINE 

Added, pglml Recovered, .ug/ml 

O-10 0.10 
010 0.08 
I.0 1.2 
1.0 0.8 
1.0 0.9 
I.0 0.9 

mercury was detected in several urine specimens which were examined without added mercury. 
This method should provide a very rapid and sensitive means of screening urine samples for mercury 
content. 

Atomic-fluorescence also provides a convenient, highly sensitive means for the determination of 
organic-bound mercury without prior decomposition of the organic species. The usefulness of the 
atomic-fluorescence technique for analyses of this type was demonstrated during the course of this 
investigation by a problem presented to us in which an organomercury intermediate was suspected 
of being formed during a reduction at a mercury cathode. A sample was withdrawn from the electro- 
lysis cell and fractionated by thin-layer chromatography, then the fractions were extracted into 
chloroform and tested for mercury by direct aspiration of the chloroform solutions into the flame. 
The occurrence of mercury in one of the fractions was quickly established. 
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Sununa~-A method is reported for the determination of mercury in 
the range 0402-l &ml. Mercury is extracted by dithizone from 
aqueous solutions into chloroform or isobutyl methyl ketone, the 
organic solution is aspirated into a hydrogen-oxygen flame, and the 
intensity of atomic-fluorescence of mercury is measured. The method 
should be particularly useful for the determination of mercury in 
urine and for the determination of organic-bound mercury without 
prior decomposition. 

R&m&-On de&t une methode de dosage du mercure dans le 
domaine 0,002-l &ml. Dam cette methode, on extrait le mercure 
en chloroforme ou isobutyl m&hylc&one au moyen de dithizone z$ 
partir de solutions aqueuses, la solution organique est aspin% dam une 
flamme hydrogene-oxyg&ne et l’on mesure l’intensite de la fluorescence 
atomique du mercure. La m&ode devrait &tre particuliemment 
utile pour le dosage du mercure dam l’urine et pour le dosage du 
mercure lie organiquement sans decomposition prealable. 
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Zusammenfassung-Eine Methode xur Bestimmung van Quecksilber 
im Bereich 0,092-l &ml wird angegeben. Dabet wird Quecksilber 
mit Dithixon aus wiiDrigen Lijsungen in Chloroform o&r Isobutyl- 
methylketon extrahiert, die or 

lPrr* 
ische Losung in eine Wasserstoff- 

Sauerstoff-Flame gesaugt un dre Intensitat der Atomfluoreszenx 
von Quecksilber g~me&n. Die Methode sollte besonders bei der 
Bestimmune von Quecksilber in Urin niitxlich sein und bei der 
Bestimmun~ organ&h gebundenen Quecksilbers ohne vorhergehende 
Zersetxung. 
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ANNOTATION 

Properties of zirconitun compouuds likely to he of interest to 
the analytical chemist 

(Received 8 February 1968. Accepted 13 March 1968) 

A raw generations ago, chemists commonly regarded nearly all compounds of metals with acid 
radicals as salts. “Salts” containing multivalent metals were thought to differ from those containing 
univalent metals, mainly in the coulombic effects associated with the charge on the metal atom. 
A few rules of thumb were developed from this concept, and their utility entrenched the idea. For 
example, uni-univalent salts were categorized as most highly ionized, uni-bivalent and bi-univalent 
not quite so highly ionized, and multi-multivalent salts least ionized. This trend was supposed to 
reflect the increased resistance of ions of high charge to separation. By extension, it was inferred that 
the less ionized salts were less liiely to be solubte in polar ionizing solvents such as water. The infer- 
ence appeared coniirmed by the considerable ~ter-solub~ty of most u~-~~~t salts, such as the 
alkali halides, and the frequent insolubility of “salts” of multivalent ions, such as cakium phosphate, 
ah&mum arsenate, or zirconium silicate. 

These views have undergone considerable alteration. Pauling’s principle of electroneutralityX 
taught that in stable compounds the atoms do not carry charges greater than f 1. Later studies have 
contirmed this;’ even the most extremely polar binary compound, caesium fluoride, has about 7% 
covalent bonding. It follows that compounds of bivalent and multivalent elements must be largely 
covalent in character. The structures of these compounds show evidence of bonding substantially 
similar to that of organic compounds. Inorganic compounds of muiti~~t elements are often 
characterized by certain poIarization phenomena, which we shall discuss, but these are not grossly 
different in kind from the polarization phenomena found in many organic compounds, such as 
amino-acids and proteins, Indeed, a great deal of the chemistry of metallic elements may be described 
in terms of organic chemistry. The present presentation is limited to zirconium compounds, espe- 
cially to those aspects likely to be of interest in analytical chemistry. 

CATIONS CONTAINING ZIRCONIUM 

At ordinary and moderately elevated temperatures, there is no evidence that a monatomic zir- 
conium cation, Zr”+, Zfl+, or W+ exists as a separate entity, or that such ions are units that are 
redistributed as such during the reactions of zirconium compounds. The z&omum atom is usually 
part of a polyatomic complex. In complexes, the zirconium atom almost always has a negative formal 
charge, and may be truly electronegative. Studies of interstitial compounds of zirconium with 
carbon, oxygen and nitrogen have led to the conclusion that the zirconium atom bears a negative 
char@ in these compounds.8~p 

In the usual analytical cirCUmst~~, i.e., in aqueous solution, zirconium is nearly always bonded 
to water or to the species derived from it, hydroxide or oxide*, and in nearly all the reactions induced 
in aqueous media an oxygen atom is displaced from the zirconium-oxygen species by forming a 
stronger bond with the reactive species to take the place of the previously existing bond. This can be 
done in two ways. (a) The oxygen atom can be successively protonated 

Hf 1 H+ I Is+ 1 
>Zr = 0 ---+ >ZrOH -----t >Zr+- OHa -+ >Zr+OH,+. 

I I 

+ Exceptions include ZrF,-8 and ZrF,- 4 at pH < 4.0 in fluoride-containing systems; Z&l,-* 
and Zr(CNS),-’ in extremely acidic solutions. 

817 
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The more acidic the environment, the more highly protonated is an oxygen atom bound to zirconium 
and the weaker the bond. In very strongly acidic solution, the hydronium ligand can be displaced by 
chloride with the formation of chloroxirconate,6 whereas in ordinary zirconyl chloride solutions, 
no chlorine is bonded to zirconium.6 (b) An agent may be used which offers the zirconium a highly 
basic oxygen atom, such as that in a phosphate ion: 

H 
I 0 

>ZrOH + -0P --, 0 + >ZrOPO + OH- 
0 0 
H H 

Those zirconium compounds in which the zirconium has been found to occur in a cation are 
generally protonated forms of zirconium oxide. Zirconyl chloride, ZrOClp. xHaO, is a typical example. 
The core structure of the zirconium species is 

where the zirconium atoms are in a plane, and in each pair of oxygen atoms one is above and one 
below the plane. 

The core is electrically neutral but acts as a Lewis base, accepting protons and acquiring a positive 
charge to become 4Zr0, . yH+ and form salts [4ZrO, . yH+] zA-, where z is variable and A represents 
a group of atoms of net charge -1. In aqueous solutions of zirconyl chloride and bromide, halide 
iok are held by coulombic f&ces at the middle of each side of the square formed by the zirconium 
atoms.* Only in the cystalline zirconyl halides do we have direct evidence of two halide ions per 
zirconium atom in the unit structure. In some of the recent literature, the name zirconyl chloride 
has been replaced by zirconium oxide chloride, which is justified by the structure. 

The zirconium species in an aqueous solution of zirconium oxide chloride can be represented: 

[4ZrO,*xH,OyH+.zCl-Iv-*. 

The quantity y - z is usually positive, and the species is a complex zirconium oxide-containing cation. 
Its charge and composition will vary with changes in the environment. The value of x will tend to 
bring the co-ordination number of the zirconium atoms to eight. It is possible to regard such a 
system as a solution of zirconium oxide made possible by stabilization of ZrlOs oligomers by electro- 
static repulsion, so preventing the development of macromolecular crystalline zirconium oxide. 

There are two methods for simple gravimetric determination of zirconium in such a solution (a). 
To neutralize the charge on the species and cause its flocculation: 

4ZrO,*xH,OyH+.zCl- + yOH- ---f 4ZrOa*x’H,0.z’C1- + (z - z’) Cl- + (y + x - x7 H20. 

The precipitate is commonly called hydrous zirconia. It forms as micelles about 50 A in diameter, 
as determined by electron micrography. There is no evidence of crystal structure, but digestion at 
the boil under suitable conditions will develon either the cubic or monoclinic crvstal lattices.’ When 
first precipitated, the micelles contain small imounts of tightly held halogen, z’being about 1 at pH 
N 4, and zero at pH 9. Some investigators have been disposed to treat the product containing one 
chloride ion uer four zirconium atoms as a definite comuound .8 This sueeests the nossibilitv of a 
clathrate str&ture, in which the chloride ion occupies th& interior of the s@rare. R&ardless of the 
values of x’ and z’ in the precipitate, calcination at about 1000” leaves a residue of ZrO,. 

(b) The zirconia may be precipitated by an oxy-anion with a greater affinity for the zirconium 
atom than the oxy-ligands already bound to the zirconium. Some such anions (e.g., phosphate and 
mandelate) form molecular aggregates with zirconium that separate from solution and are useful for 
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analysis. Others (e.g., acetate and under some conditions sulphate) form charged species which 
remain dispersed and are not suitable for analytical application. 

heat 
ZrO,.xH*O + 2H,POI --f Zr(HPO,),*yH,O + ZrP,O, 

heat 
ZrOa*xHIO + 4C6H6CHOHCOIH ----f Zr(C,,H,CHOCO,),H, + ZrO,. 

Many other precipitants have been used, particularly arsenic acid and some of its organic derivatives, 
aryl carboxylates, sulphonated dyes, and periodic acid.@ Cupferron. which bears a structural relation- 
ship to mandelic acid: 

HO 0 HO 0 
I II I II 

C6Hb-N-N CJJ6-C-C 
HO 

H 
Cupferron Mandelic acid 

precipitates xirconium quantitatively from 20 % sulphuric acid. The only precipitate of zirconium in 
which zirconium is not bound to oxygen and which has found some use in zirconium analysis is the 
fluorozirwnate, BaZrF,.rO 

It is not feasible, and is probably impossible, to electro-deposit zirconium from aqueous medium. 

ANIONS CONTAINING ZIRCONIUM 

The tetrameric zirconium oxide skeleton of zirconium oxide chloride in aqueous solution is labile 
and convertible into other forms, and by forming adducts with suitable anions yields complex zir- 
wnium-containhrg anions. 
alter to a chain structure: 

If the acidity of the environment is reduced, the ring structure appears to 

n 
OH-, 

+F 
--O-l 

[ 

Y-o--. Y--o--. 101 
'0' Z*,O,Zr \(/Lo,zr= 11 1 

This change is surmised from the following observations: (a) after partial neutralization and 
evaporation to dryness of a zirconium oxide chloride solution, no crystalline products are obtained, 
but only glassy residues that appear amorphous on X-ray examination; (b) syrupy and jellied 
structures are obtained from hydrolysed derivatives of zirconium oxide chloride.” The cationic 
characteristics of the zirwnium species largely or completely disappear with the formation of the 
polymer chain species. Under conditions of mild acidity, neutrality, or alkalinity, anions tend to 
form w-ordinate bonds with the zirwnium atoms of the chains to give structures of the diglycollato- 
zirconate type : 

11 
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or to give intercalation complexes of the oxalatozirconate18 type: 

9 \ _Zr_,_~-~-*_~r~o~~ 
\/ 

0 \/ 
- 0 

Such chains may contain substoichiometric proportions of anions, and these compounds are apt 
to be unsuitable for analytical determinations. Pilkington and Wilson concluded that prolonged 
boiling of zirconium solutions with at least 5N sulphuric acid is necessary to ensure depolymerization 
of zirconium species and to obtain a solution suitable for titration with EDTA.l* 

Treatment of zirconium oxide chloride solutions with various acids under described conditions 
gives the following series of complex acids, in which zirconium occurs as part of a complex anion: 
H,ZrO(SO,),*3H,O, H4Zr(C,0& H*ZrF,, HsZrOH(OaCCH90)3. The last of these, triglycollato- 
zirconic acid, is only sparingly soluble in water, but forms very soluble alkali salts. The complex 
carbonate, (NH,),ZrOH(CO&*2H,O, can be formed directly by the action of ammonium bicar- 
bonate on a number of zirconia-containing materials .I4 These complexing anions have the following 
significant consequences for analysis. (n) They may act as masking agents; e.g., moderate concentra- 
tions of sulphuric acid inhibit the precipitation of zirconium tetramandelate, but not of zirconium 
phosphate. (b) They may provide means of dissolving precipitated zirconium compounds; e.g., the 
very insoluble zirconium phosphate (diphosphatozirconic acid) can be dissolved with hydrofluoric 
acid or with potassium carbonate solution. (c) They can be adapted to serve as the basis of analytical 
procedures, e.g., the characteristic colour of the alizarin-zirconium complex disappears when enough 
fluoride is added, and this provides a means of determining fluoride.r6 (d) Anionic complexes of 
zirconium precipitate certain substances whereas the cationic complexes do not; notably, amino-acids 
such as glutamic and aspartic acid are precipitated by disulphatozirconic acid (“zirconium sulphate”); 
diacetatozirconic acid and disulphatozirconic acid react with and tan collagen; such possibilities for 
the determination of amino-acids and proteins appear attractive. 

Certain adducts of zirconium, such as those with llavones and tlavianic acid, have characteristic 
absorption and/or fluorescence spectra suitable for analytical determinations.1e*17 Many dyes have 
been bown useful for photomet& determination of zirconium, notably Alizarin S, Xylenol-Orange, 
Galleinuhthalein. Pvrocatechol Violet. Methvlthvmol Blue. Solochrome Violet R, Arsenazo III, I 
Eriochrome Cyan& R, Chrome Azurbl S, Nkothorin, anabasine, and derivatives of chromotropic 
acid. 

ZIRCONIUM COMPOUNDS AND ION-EXCHANGE 

The polymeric structures of many zirconium compounds give them properties similar to those of 
organic polymers. While the solids tend to be more rigid than those of their organic counterparts, 
this can sometimes be overcome by the use of plasticizers. For example, films of glyceratozirconium 
chloride” plasticized with glycerine are quite flexible and look like films of Teflon. Those polymers, 
of which there are quite a few examples, which contain replaceable protons or alkali metal ions, 
show ion-exchange properties that are similar to those of the organic ion-exchange resins. 

When a phosphate is added to an acidic solution of a zirconium salt, an average of about two 
phosphato ligands complex the zirconium atom: 

\/ \/ 
Zr + 2H,PO,- ----f -HP;P04 + Zr - 04PHB-. 

/\ /\ 

A complex sequence of structure changes doubtless occurs, and the result is a gelatinous white 
precipitate which is amorphous to X-ray diffraction. There is an undefined polymer structure in 
which there are replaceable protons on the phosphato ligands. The precipitate is designated diphos- 
phatozirconic acid. Alberti and Grassini have reported that filter paper impregnated with this 
precipitate can be used to separate 26 cations. I* Alberti and a number of collaborators subsequently 
reported at length on the ion-exchange properties of diphosphatozirconic acid, and notably on the 
effects on the exchange capacity for Tl, Cs, Rb, K, Na, Li, Ba, and Sr when it was dried at various 
temperaturesl@ - * - 

Clearfteld and Stynes discovered that long digestion of the gelatinous phosphate in certain acid 
media develops a crystalline structure of empirical composition Zr(H04P),.HI0. It contains one 
replaceable hydrogen atom per phosphate group. The crystalline phosphate is a good exchanger for 
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alkali metal ions other than caesium, whereas the gelatinous phosphate has a high capacity for 
caesium.po The crystalline phosphate is more resistant to hydrolysis than the gelatinous one. 

Other zirconium compounds with ionexchange capabilities include hydrous zircooia, zirconium 
molybdate, zirconium tungstate, and zirconium ferrocyanide. The ferrocyanide holds particular 
promise for the absorption and separation of the higher atomic weight aikali metals, including 
caesium.8r 

MISCELLANEOUS 

Zircon (ZQSiO3 and zirconia can be fabricated into crucibles suitable for use at well over 
1000”. Zirconium metal crucibles have proved to have outstanding durability for use with alkali 
peroxide sinters, and are commonly found to survive 150 or more firings. Zirconium metal sponge is a 
powerful getter and is useful in removing last traces of oxygen, nitrogen, and carbon from sweep 
gases. 

Precipitated zirconia (hydrous zirconia) can be used to remove trace impurities from water. 
It will lower the concentration of dissolved silica or alkylbenzene sulphonate to about 1 ppm. 

Zirconium(IV) is an extremely stable oxidation state, and unlike titanium(lV) or cerium(IV), 
it cannot interfere in oxidimetry. Zirconium oxide, doped with an oxide of a metal of lower valence, 
is a good anionicconductor at elevated temperatures. Anumber of devices defog on this property 
have been described for use in measuring the oxygen potential of melts, in the range 700-1600°.ss 

TAM Division 
National Lead Company 

WARREN B. BLUMENTHAL 

Niagara Falls, N.Y. 14305, U.S.A. 

t%mmary--A review of zirconium chemistry, with emphasis on the 
features underlying the chemical methods of determining this element, 
and an application of zirconium compounds in the analytical chemistry 
of other species. 

Zusammenfassung-Eine Ubersicht fiber die Zirkonchemie mit beson- 
derem Nachdruck auf den Eigenschaften, die den chemischen Analysen- 
methoden f%r dieses Element zugrunde Iiegen, und auf der Anwendung 
von Zirkonverbindungen in der analytischen Chemie anderer Stoffe. 

R&urn&-Une revue de la chimie du zirconium, en mettant l’accent sur 
les caracteres qui sont a la base des m&odes chimiques de dosage de cet 
element, et sur l’emptoi de composes du zirconium dans la chimie 
~al~ique d’autres especes. 
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PRELIMINARY COMMUNICATION 

On the possibility of using an electromagnetic radioisotope separator 
in conjunction with charged-particle and photon-activation analysis 

(Received 30 January 1968. Accepted 15 February 1968) 

During the past few years activation analysis with charged particles and photons has shown great 
promise as a highly sensitive method for the measurement of the light elements at the microgram and 
sub-microeram level.l-B However. the use of this analvtical tool to its full potential is limited for 
several rea’sons: (a) in many cases non-destructive techniques cannot reach iltimate sensitivity and 
accuracy because of interfering activities from matrix material or other highly active impurities 
present in the sample, (b) chemical separation techniques are restricted by the time factor, that is, 
separation of a large number of trace elements would require a time excessive in comparison with the 
half-lives of the isotopes produced by the activation, (c) to reach the highest sensitivity, high-efficiency 
beta-counting will in many cases be considered, requiring the radioisotopes to be recovered in such 
a way that self-absorption effects are minimized. 

The need for radiochemical separations after use of these activation techniques has been shown by 
several authors, Albert,’ Engelmann,* and Baker@ have developed separation methods, but these are 
generally restricted to the recovery of one radioisotope. Further developments in techniques for 
obtaining radiochemically pure radioisotopes is necessary, with improvements in selectivity, speed, 
number of trace elements recovered (“multi-element analysis”) and recovery of the isolated radio- 
isotope in a form suitable for beta-counting. 

As a new approach toward these objectives a study has been started on the use of electromagnetic 
separation of the radioisotopes present in an activated sample. The isotope separator used in this 
preliminary study is a small device built at the University of Colorado. 
machine has been given elsewhere by Wahlin .’ 

A detailed description of this 
From reference data8 and preliminary experiments, 

the analytical potential of electromagnetic radioisotope separation coupled with nuclear activation- 
analysis can be evaluated as follows. 

The selectivity can be derived from the dispersion, D, which is the distance, on the collecting 
sheet, between two species of masses M and M + AM, and is given by D = d/M where d is a function 
of E/V, Ebeing the field-strength (inV/cm) betweentheelectricdeflectionplates,and Vtheaccelerating 
voltage. The extreme cases of maximum and minimum dispersion may be illustrated for the case of 
light isotopes, taking M = 16, AM = 1, and d variable from 0 to 160 cm. 
obtained ford = 160 cm: Dmsr = 

Maximum dispersion is 
10 cm. Minimum dispersion will be given by Dmin = b, where b 

is the half-width of the mass-peak M. Experience with the electromagnetic separator has shown that 
b = O-2 cm. Thus, D can be adjusted to allow the collection of a narrow or wide mass-range on the 
collecting sheet, which is approximately 20 cm in length. 

Speed is another feature worth mentioning. The length of separation time needed to give the 
maximum activity of the collected sample will depend upon the half-lives of the radioisotopes con- 
sidered. It can be shown@ that the amount of activity At collected after a separation time t, for a 
radioisotope having a decay constant I, is 

At = A,, * t . e-A: 

where A0 is the number of radioactive atoms present at time zero. The maximum activity collected is 
obtained for a separation time t = l/1 = 144 x t+ (f, = half-life of the radioisotope considered). 
It must be noted further that for t = 0.7 t 4, -80 ‘A of the maximum activity is already obtained. In 
charged-particle and photon-activation where most of the radioisotopes belonging to the light 
elements have half-lives of less than 2 hr, the separation time would therefore be in the minute-hours 
range. 

The efficiency of electromagnetic separations usually varies between 5 and 15 % and is therefore 
lower than the efficiency obtainable with most chemical separation techniques. However, this lower 
yield is still acceptable on account of the speed of separation and the fact that the radioisotopes 
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collected can be counted with practically no self-absorption, so that beta-counting can be used when 
highest detection efficiency is necessary. Quantitatively the material collected for a given ion-current 
in a radioisotope separator can be expressed“’ as m = kti where m is the number of microgram-atoms 
of separated isotope (convertible into sample weight by multiplication with the mass number), i is the 
ion-current in PA, t the time taken for separation (in hr), and k is a constant depending on the 
characteristics of the separator (k - 0.3 for the Colorado machine “Colutron”). Because the ion- 
current is limited (up to 25 ,uA per isotope in our case) and since only the ions belonging to the trace 
elements are of interest, the experimental conditions are best when the separator does not need to 
handle the matrix material itself. This can be achieved either by letting the impurities boil off from 
the sample at a temperature kept below the volatilization point of the matrix or by removing the bulk 
sample material chemically and then separating the impurities remaining. (In the latter case carriers 
can be added to prevent losses of the trace elements during the removal of the bulk material.) 

In the preliminary experiments, for practical reasons, we used mixtures (in powder form) of long- 
lived radioisotopes produced by thermal neutron activation. The first separations were run for short 
time intervals (less than 30 min) at low ion-currents on samples composed of activated cadmium 
(mainly llsmCd) in an iron matrix. Recovery obtained was low (up to SO/,)), but it seems that this 
yield can be increased by a factor of 2 or 3 without major difficulties. Then the selectivity was tested 
under extreme conditions at a low dispersion set to separate themass range 3-200 ona20-cmcollection 
sheet. The mixtures to be separated contained the following radioisotopes: aaNa, 4JCa, 66Zn, ‘YSe, 
llsmCd, ll’Sn, IarCs, 1°‘Hg. The chemical composition of the components was chosen in such a way 
that the ions produced at a working temperature of 1700” in the ion source would be in elemental 
form. The isotopes recovered on separate spots on the collecting sheet were checked for purity by 
means of their gamma-spectra and half-lives. All the radioisotopes present could be identified, 
except YSn. Apparently “‘Sn was masked by llamCd and its daughter llsIn which have much higher 
specific activities. Further, the spot of the collected 1°‘Hg was broader than expected. This may be 
due to the fact that in separation of more than one element at the same time there are problems due to 
differences in vapour pressures and ionization efficiencies. From these preliminary experiments we 
could establish that even at low dispersion satisfactory selectivity can be obtained over a wide mass- 
range. However, extensive experimental studies are needed to develop this separation technique and 
assess its full possibilities. Improvement and reproducibility of the separation efficiency and optimum 
design of an ion source are among the most important questions to be studied. 

This proposed use of charged-particle and photon-activation analysis coupled with an electro- 
magnetic radioisotope separator opens challenging possibilities for the simultaneous determination of 
a whole range of traces of light elements at the sub-microgram level. It is clear that the application of 
a radioisotope separator is not limited to charged-particle and photon-activation analysis, but also 
appears mteresting as a tool to be used with neutron-activation analysis. 
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Summary-A proposal is made for the use of electromagnetic radio- 
isotope separation following charged particle, photon- or neutron- 
activation. Features of this separation technique are speed and 
selectivity, opening new possibilities for simultaneous determination of 
several trace elements, especially the light ones. Preliminary experi- 
ments have shown the possibilities if this separation technique is used 
in conjunction with activation analysis. 

Zusammenfassun&-Eine elektromagnetische Radioisotopentrennung 
nach vorangegangener Aktivierung mit geladenen Teilchen, Photonen 
oder Neutronen wird vorgeschlagen. Wesentliche Eigenschaften der 
neuen Methode sind Schnelligkeit und Selektivitat, was neue Moglich- 
keiten zur gleichzeitigen Bestimmung mehrerer, besonders leichter 
Spurenelemente eriiffnet. Vorlauflge Versuche zeigten gute Miiglich- 
keiten bei Verwendung dieser Trenmnethode zusammen mit der 
Aktivierungsanalyse auf. 
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R&tm&Qn propose l’emploi dune separation &ctromagn&ique 
des radioisotopique suivant une activation par particules char&es, 
photons ou neutrons. Les caracteres de cette technique de separation 
sont la rapidit et la s&ctivitb, ouvrant de nouvelles possibilitts 
pour les dosages simultanes de plusieurs Cldments a Petat de traces, 
specialement les elements legers. Des experiences pr6liminaires ont 
montre les possibilites de cette technique de separation utilisQ en 
liaison avec l’analyse par activation. 
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Summary-Methods are given for the extraction of iron(III), molyb- 
denurn( titanium(W), niobium(V), vanadium(W), uranium(VI) 
and tungsten(VI) as ternary complexes with catechol and a quatemary 
cation such as n-butyltriphenylphosphonium, n-propyltriphenylphos- 
phonium, tetraphenylarsonium, cetylpyridinium, cetyltrimethylam- 
moniurn and 2,3,5-triphenyltetrazolium, the solvent being chloroform. 
By use of masking agents and pH control, some of these elements can 
be separated from each other by this means. 

CATECHOL is a rather non-selective reagent which gives strongly coloured chelates 
with iron(III), vanadium(N), niobium(V), titanium(W), molybdenum(VI), tung- 
sten(VI), cerium(IV) and uranium(W) in aqueous solution.’ Some metal chelates 
of catechol can be directly extracted into polar solvents such as aliphatic alcohols or 
ketones.2 The partition coefficient is sometimes considerably increased if the extrac- 
tion is carried out in the presence of an organic base. In such cases ion-association 
complexes are usually formed, consisting of an anionic metal chelate associated with 
an organophilic cation of a base, as was shown earlier for the catechol chelates of 
molybdenum(W) in the presence of pyridine ,3 titanium(N) in the presence of N- 
heterocyclic bases ,4 diantipyrilmethane,s antipyrine,6 a,rx’-dipyridyl,7 N-acetylana- 
basine,* tetraphenylarsonium chloride0 and other bases,lO*rl and vanadium(IV) in 
the presence of diphenylguanidine.12 

In this paper we report studies on the extraction into chloroform of metal ions 
such as iron(lII), molybdenum(W), titanium(IV), niobium(V), vanadium(IV), 
uranium(W) and tungsten(W) from aqueous solutions containing excess of catechol 
and various quaternary salts such as n-butyltriphenylphosphonium bromide (BTPP), 
n-propyltriphenylphosphonium bromide (PTPP), tetraphenylarsonium chloride 
(TPA), cetylpyridinium bromide (CP), cetyltrimethylammonium bromide (CTMA) 
and 2,3,%triphenyltetrazolium chloride (TTC). 

For TPA the extraction is usually limited to a narrow pH range, and CP and 
CTMA have considerable detergent properties which complicate the separation of 
phases during the extraction. TT’C is easily reduced at pH >4 to interfering coloured 
formazans which are also extracted. Only BTPP and PTPP are found to be good 
extracting agents, and so this paper contains results for these reagents only. 

The nature of the various ion-association complexes extracted will be the object 
of further studies. 

EXPERIMENTAL 

Reagents 

Reagents were commercial products, purified where necessary. Stock solutions were standardized 
by the usual methods. 
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Procedure 

Equal volumes (10 ml) of aqueous solution and chloroform were shaken for 15 min in 50-ml 
separating funnels. The acidity of the aqueous phase was adjusted beforehand with dilute sulphuric 
acid or ammonia, or acids of known concentration. 
for equilibration. 

This period of 15 min was always found sufficient 

Adherence of the organic phase to the Lambert-Beer law was examined under the optimum 
conditions for particular systems. The apparent molar absorptivity 8 was evaluated from the slope 
of the linear plot of absorbance against metal ion concentration in the aqueous phase, by regression 
analysis,14 which also gives the standard deviation of E aJ the absorbance of the blank A,,. 

The 95 % confidence interval ,u for the practical determination of a particular metal was obtained 
from** p = *r&/n where s = standard deviation of the mean of n measurements and r = Student’s 
t for n - 1 degrees of freedom. 

RESULTS 

Vanadium (IV) 

A blue species is extracted at pH > I.6 from solutions containing 0*4M catechol 
and O*OlM BTPP and has I.,,,,, 618 and 904 mp. The maximum extraction is reached 
at pH 2.4-2.7 under these conditions. This pH range is shifted to pH 2.8-3.6 for 

A,, 06 

4 6 
PH 

FIG. l.-pH-Absorbance curves for the system V(IV)-catechol-BTPP. 
1 = 620 m,u; cy = 1.0 x 1O-4M; cn = OWSM. 
CR: 1-0.4M; 2-02M; 3-O.lM; 4-0.05M; 5--@02M. 

O*lM catechol, and the absorbance of the chloroform layer rapidly decreases with 
the further decrease in catechol concentration (Fig. 1). The blue hue of the chloro- 
form layer changes to blue-green after 10 min but this involves only an absorbance 
increase at 380 rnp. The Lambert-Beer law is obeyed for 0.1-6 ppm of vanadium at 
620, 930 and 1050 rnp in the presence of O+lM catechol excess and O*OlM BTPP 
in the aqueous layer; E = (Il.14 & 0.08) x 103 and the sensitivity limit is 0.02 lug/cm2 
for A = 0.01 at 620 rnp, in pure solutions. Formate, sulphate and chloride, even in 
large excess, do not interfere. 

Determination of vanadium(IV) in the presence of titanium(ZV), molybdenum(H), iron(ZZZ) and 
uranium(W). To the slightly acid solution of the sample, containing l-60 pg of vanadium(W) as 
sulphate, add 1 ml of 1M catechol solution, adjust to pH 2.9-3.3 with dilute ammonia, and add 
1 ml of O*lM formate buffer (pH 3.2) and 1 ml of O.OSMBTPP. Dilute to 10 ml and extract with 
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10 ml of chloroform. Measure the absorbance of the organic layer at 620, 930 or 1050 m,u. At 
these wavelengths E is (11.14 If 0.08) x lOa, (7.76 f 0.17) X 1P and (5.61 f O-15) x lo” respec- 
tively. If only uranium is present besides vanadium measure at 930 m,u. In the presence of not 
more than twice as much molybdenum as vanadium, measure at 1050 w. At these wavelengths 
the absorbance is not intluenced by the slight increase with time of the absorbance at 380 rnp. 
Tungsten interferes. 

TABLE I.-DETERMINATION OF VANADIUM(N) 

Vanadium(IV) . 

Taken, ppm Found, ppm 

5.09 5.12 
5.19 
5.19 
5.28 
5.10 

I .s@/n, ppm 

;@04 
10.05 
10.05 
*0*10 
io.10 

Other ion 
present, 

n ppm 

15 - 
5 Ti(IV) 47.9 
4 Ti(IV) 4.8 
4 MO(W) 95.9 
5 Fe(III) 83.8 

A yellow association complex, with A,,, 370 rnp ,15 begins to be extracted at pH 
O-5 from solutions containing 0*4M catechol and OXNI5M BTPP. The pH of maximum 

extraction is 1.6 but this value is shifted to considerably higher pH if the concentration 
of catechol is decreased. Several ion-association complexes of the titanium-catechol 
chelate are formed, depending on the pH and the concentration of catechol, and these 
influence the shape of-the pfi-absorbance plots (Fig. 2).l5 

*o 

l-+._!l I 
2 3 4 

PH 

FIG. 2.-pH-Absorbance curves for the system Ti(IV)-catechol-BTPP. 
A = 380 rnp; cI = 1.0 x lo-“M; CB = 0005M. 
cR: 1--0*4M; 2-0.2M; 3-O.lM; 4-0.05M; 5-0.02M. 



890 M. VRCHLABSK~ and L. SUMMER 

Beer’s law is obeyed for 0.3-6 ppm of titanium at 410 rnp; E = (9.88 f O-16) x 
103. At this wavelength any oxidation products of catechol which may be present 
will interfere only slightly. The sensitivity limit is 0.05 ,ug/cm2 for A = 0.01. 

The extraction of titanium is strongly influenced by the presence of various anions 
(see Fig. 3). 

FIG. 3.-Influence of some competing ligands on the system Ti(IV)-catechol-BTPP. 
cp = 1.10 X 10-4M; cR = 0.4M; cB = ONUM; il = 4lOm,~. 

@--formate buffer pH 3.8; 0 -glycine buffer pH 2.3; o-oxalic acid; o---EDTA 
disodium salt, tartaric acid; a-citric acid; q -KCI, KNO,; A-NaClo,. 

The high distribution constants for these titanium association complexes (&N 
104) permit quantitative extraction of even O*Ol-O*l ppm of titanium if the volume 
ratio Vorg/Vw is 0.02. 

From 3 to 60 ,ug of titanium can be extracted from IO-500 ml of aqueous solution 
containing 0*5&f catechol, 0.005M BTPP, 1 o/o hydrazine sulphate and O*lM formate 
buffer (pH 3*5), by shaking for 20 min with chloroform presaturated with water. 
The absorbance of the chloroform layer is measured at 410 m,u. Tungsten(W), 
niobium(V) and molybdenum(W) interfere but can be previously extracted from 
3N sulphuric acid containing 0.4M catechol and 0*005M BTPP. 

Determination of titanium(W) in the presence of iron(III) or uranium(H). To the acid aqueous 
solution containing 3-60 pg of titanium and not more than 11.2 mg of iron(II1) add 25 ml of 5 % 
ascorbic acid, adjust to pH 1.8, add 2 ml of 2M catechol and 1 ml of O.OSM BTPP solutions both 
adjusted to pH 1.8, dilute to 10ml and extract vigorously for 1Omin with 10ml of chloroform. 
Measure the absorbance at 410 mp. More than 0*5M chloride interferes. The determination of 
3-60 ,ug of titanium can also be done in the presence of 11.9 mg of uranium but ascorbic acid then 
cannot be used. 

TABLE II.-DETERMINATION OF TITANIUM(IV) 

Titanium(W) 

Taken, ppm Found, ppm t.s/d<ppm 

Other ion 
present, 

n PP” 

@96 0.95 
479 472 
4.79 4.79 
4.79 4.68 
4.79 4.59 
@192* 0.196 
o-575* 0.563 
O.llSt 0.120 

&@04 
*toGI 
ho.06 
rtO.04 
&@06 
rto.02 
Ato.01 5 
fOGO3 

4 - 
10 - 
4 Fe(II1) 2.7 
4 Fe(II1) 5.5 
4 Fe(II1) 11.2 
4 - 
4 - 
5 - 

* uO/ua = 0.1. 
t Y,/Vn = @04. 
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Determination of titanium in the presence of molybdenum. To the aqueous acid sample solution 
containing 3-60 ,~g of titanium and 8-250 ,~g of molybdenum(VZ) add 2 ml of 2M catechol solution, 
adjust to pH 16-2 and add 15 ml of 0*05&f BTPP. Dilute to 10 ml and extract for 10 min with 10 ml 
of chloroform. Measure the absorbance of the chloroform layer at 410 and 660 rnp and evaluate 
the results in the usual way for two-component analysis. The absorbance at 680 rnp corresponds 
to the molybdenum species only. 

TABLE I~I.-!hdULTANEOUS DETERMINATION OF TITANIUhiOV) AND ONE OF MOLYBDENU?@I), 

TUNGSTENW) AND NIOBIUMCV) 

Taken, ppm 

Ti(IV) Other ion 

1.93 MO(W) 3.84 
0.48 17.28 
048 WVI) 2940 
144 14.70 
0.96 NbO 2.79 

Found, ppm 

Ti(IV) t.spG Other ion t.spGi n 

1.90 fO.0 MoW) 3.90 rto.11 4 
0.47 f0.03 17.22 *0.22 5 
0.49 f0.01 WW) 29.94 10.42 4 
1.47 f0.02 15.41 &0.61 4 
0.98 &CO2 Nb(V) 2.83 io.14 4 

Various yellow species are extracted into chloroform from aqueous 0.4M catechol 
solutions in the presence of BTPP over a large acidity range up to 12N sulphuric acid. 
The absorbance of the organic layer is constant over the acidity range from 7N 
sulphuric acid to pH 2.4, and again at pH >3*0; &,, occurs at 344 m,u for extraction 
from 2N sulphuric acid and 317 rnp for extraction at pH 6. At pH O-2-5 the extrac- 
tion of niobium is but little influenced by the presence of O*OlM oxalic acid, 0.OlM 
citric acid and 0*02M tartaric acid, and 0*05&f tartaric acid or O*OlM fluoride do not 
interfere at pH 4.7. 

However, the degree of extraction is considerably influenced by the sequence of 
mixing the components in the aqueous layer. Niobium as niobate solution saturated 
with potassium carbonate must always be added to the aqueous solution containing 
all the other reacting components. The absorbance of the chloroform layer is 25% 
lower if the initial niobium solution contains 0*05M oxalic or tartaric acid. With 
solutions containing less than 0.4M catechol the extraction curves are considerably 
shifted towards lower acidities and results are inconsistent. 

The spectrophotometric determination is only possible if the niobium is extracted 
from aqueous solutions containing 0*4M catechol, O*OlM BTPP and 2-5N sulphuric 
acid (see Table IV). 

The Iambert-Beer law is obeyed at 345 or 410 m,u for 1.5-9.5 ppm of niobium 
extracted into chloroform; E = (644 & O-09) x 104 at 345 rnp and (I.73 f O-02) x 
104 at 410 rnp, and the sensitivity at 410 rnp is 0.16 pg/cm2 for A = O-01. Tungsten 
interferes under the conditions given, but titanium(IV), vanadium(IV), iron(III) 
and uranium(VI) do not. Two-component analysis of the absorbance at 660 and 410 
rnp can be used for the simultaneous determination of molybdenum and niobium. 

Tungsten(V1) is extracted into chloroform, dichloromethane or 1,2-dichloro- 
ethane over a large acidity range from solutions containing catechol and BTPP in 
excess, giving bright orange solutions with &,, at 335 and 445 m,u. The absorbance 
of the organic layer is constant if extraction is made from solutions containing 
0.1-0.4M catechol and 0*005M BTPP at acidities from pH 2.2 to 15N sulphuric 
acid (Fig. 4). However, the extraction is far from quantitative with less than O.lM 
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catechol, and the results depend on the order of mixing the components and the 
manner of adjusting the pH in the aqueous layer if chloroform is used as extractant. 
Dichloromethane and 1 ,Zdichloroethane give more reproducible results. 

Beer’s law is obeyed for 1.8-36-O ppm of tungsten for all the solvents mentioned 
if extraction is made from 0*4&f catechol, O+lOS BTPP and 2-3*5N sulphuric acid 
media, E = (644 & O-07) x lo3 at 440 rnp, the sensitivity being 0.29 ,ug/cm2 for 
A = O-01. Vanadium(IV) and iron(III) do not interfere if tungsten is extracted from 

WO, PH 
FIG. 4.-pH-Absorbance curves for the system W(VI)_catechol-BTPP. 

cy = 1.5 x 10-4M, cg = @OOsM; 1 = 440 m,u. 
cX: 1&04M; 2--02M; 3-O.lM; 4-0.05M; 5-002M. 

3-ION sulphuric acid. In the presence of molybdenum the absorbances at 440 and 
660 rnp are evaluated by the two-component procedure. Titanium up to l-9 ppm 
does not interfere but niobium interferes strongly (see Table IV). 

Aqueous solutions of molybdate containing an excess of catechol are yellow or 
yellowish orange and become deep orange on addition of BTPP, but a blue-green 
species (LmaX 420 and 650 mcc> is extracted into chloroform over an acidity range from 
9N sulphuric acid to pH 2.4. Extraction is maximal for the acidity range from 
3N sulphuric acid to pH 1-O and is considerably influenced by the catechol concentra- 
tion if this is less than 0.4M. A partially-reduced molybdenum(VI)-molybdenum(V)- 
catechol-BTPP species is extracted under these conditions. The yellow molybdenum- 
(VI)-catechol-BTPP complex is only extracted at pH >3*4 (A,,, 390 mp) (Fig. 5). 
The Lambert-Beer law is obeyed for l-5-20 ppm of molybdenum ; E = (6.45 &- 0.31) x 
lo3 at 650 rnp, (6.78 & 0.04) x IO3 at 410 rnp and (5.55 & 0.10) x lo3 at 730 m,u, 
in chloroform. The sensitivity at 650 rnp is 0.14 lug/cm2 for A = O-01. 

For its spectrophotometric determination, molybdenum should be extracted 
into chloroform from 0*4M catechol and OOOlM BTPP medium at an acidity between 
3*6N (sulphuric acid) and pH l-5. The determination becomes selective if the absor- 
bance of the organic layer is measured at 650 m,u since the analogous titanium(IV), 
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niobium(V), tungsten(M), iron(IIl) and uranium0 complexes either do not absorb 
at this wavelength or are not extracted under these conditions of acidity. 

. 

t 
-- 

H,SU, PH 

FIG. 5.-pH-Absorbance curves for the system Mo(VI)-cakchol-BTPP. 
cx = 2.0 x IOAm ca = 0’05M. 
ca: 1-0.4M; 2-O-m 3-0.1M; 4--0.05M. 

42Om~; ----65Omp. 

Simultaneous determination of titanium(ZV) and niobium( V) or tungsten( VZ) and titanium(ZV) 

To the acid aqueous sample solution (not more than 5 ml) containing 3-60 ,ug of titanium and 
16-400 ,~ug of tungsten or 2-60 pg of niobium, add 2 ml of 2M catechol solution, 2 ml of sulphuric 
acid (1 + 1) and 1 ml of 0*05MBTPP, dilute to 10 ml, and extract for 15 min with 10 ml of chloro- 
form. Only tungsten and niobium are extracted under these conditions and the absorbance at 440 rnp 
gives the tungsten content, and that at 410 or 340 mc( gives niobium. To a 5-ml aliquot of the aqueous 
layer after the first extraction add 2 ml of 2Mcatecho1,l ml of 0.05M BTPP and 1 ml of 1Mformate 
buffer solution (pH 36) containing 5 % of hydrazine hydrate, adjust to pH 16-3.0, dilute to 10 ml 
and extract with chloroform as before. The concentration of titanium is evaluated from the 
absorbance at 410 rnp (Table III). 

TABLE IV.--DETERMINATION OF TUNGSTEN(W), MOLYBDENUM(W) AND NIOBIUM(V) 

Taken, ppm Found, ppm t.s/d/n. ppm n 

W(W 7.35 W(W) 7-15 jIo.19 7 
2940 29.41 +0.69 7 

Mo(V1) 3.84 Mo(V1) 3.86 kO.12 7 
19.10 19.08 Zto.20 7 

NbO 9.36 Nb(V) 9.34 &OX@ 7 
Mo(V1) 3.84 W(V1) 21.96 Mo(V1) 3.84 W(VI) 21.88 kO.05 (MO) &to*20 (W) 4 
Mo(V1) 11.52 W(V1) 14.64 Mo(V1) 11.57 W(V1) 14.61 L-0.10 (MO) f0.11 (W) 4 

Simultaneous determination of molybdenum and tungsten 

Extract from 1M sulphuric acid containing 0.4M catechol and 0.005MBTPP. Measure the 
absorbance of the organic layer at 660 and 440 rnp and treat the values according to the two-com- 
ponent procedure (the molybdenum complex absorbs only at 660 m,u). (See Table IV.) 

Zron(ZZZ) and uranium( VZ) 

A red iron(III) species is extracted into chloroform from solutions containing 0.4Mcatechol and 
O.OlMBTPP, the optimum pH being 4.2; (A,,. = 495-510 m,u; e = 3.8 x 10s). However, 
catechol is easily oxidized by iron(II1) to o-benzoquinone, which is also extracted and interferes, 
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Uraniutn(V1) gives a brown species which is extracted under the same conditions: I,,, = 410 
m,n; E = 1.92 x 10’. These two extractions are of no particular analytical interest. 

Zusanunenfassung-Zur Extraktion von Eisen(III), Molybdln(VI), 
Titan(IV), Niob(V), Vanadium(IV), Uran(VI) und Wolfra.m(VI) als 
tern&e Komnlexe mit Brenzcatechin und einem auartlren Kation 
wie n-Butyl&iphenylphosphonium, n-Propyltriphe~ylphosphonium, 
Tetraphenylarsonium, Cetylpyridinium, Cetyltrimethylammoniun~ 
und 2.3.5-Trinhenvltetrazolium in Chloroform als Extraktionsmittel 
werden ‘Vor&riftkn angegeben. Mit Maskierungsmitteln und pH- 
Kontralle kbnnen auf diese Weise einige dieser Elemente voneinander 
getrennt werden. 

R&n&-On presente des methodes pour l’extraction de fer(III), 
molvbdene(VI), titane(IV), niobium(V). vanadiumC[V), uraniumCV1) 
et t&gstene(VI) a l&t de complexes ternaires avec le catecho et un 
cation quatemaire tel que n-butyltriphenylphosphonium, n-propyltri- 
phenylphosphonium, tetraphenylarsonium, cetylpyridinium, cetyltri- 
methylammonium et 2,3,5-triph&ylt&razolium, le solvant &ant le 
chloroforme. Par l’emploi d’agents dissimulants et le controle du 
pH, quelques-uns de ces 6lements peuvent etre s&pares l’un de l’autre 
par ces moyens. 
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SPECTROPHOTOMETRIC DETERMINATION OF 
ZIRCONIUM WITH 2-( 1 -HYDROXY-4,6-DINITRO-2- 
PHENYLAZO)-l&DIHYDROXYNAPHTHALENE-3,6- 

DISULPHONATE (PICRAMINE CA) AS CHROMOGENIC 
REAGENT 

S. S. GOYAL and I. P. TANDON 
Chemical Laboratories, University of Rajasthan, Jaipur, India 

(Received 12 October 1967. Accepted 20 February 1968) 

Summary-The title compound has been used as a selective reagent 
for the micro-determination of zirconium in acidic medium (0*5M HCI) 
and found to be better than Picramine R. Spectrophotometric studies 
show the formation of a 2: 1 (ligand: Zr) water-soluble complex and the 
reaction is suitable for photometric determination of 0.4-2.8 ppm of 
zirconium. The colour takes about 90 min to develop fully and is 
stable for about 20 hr. The molar absorptivity of the complex is 
2.4 x 10” and the equilibrium constant is of the order of lOlo. The 
interference due to a number of ions has been studied. 

IT IS only in recent years that analytical applications of azo dyes derived from picramic 
acid have been described. Gusev et aZ.l reported the use of the a-naphthol derivative 
in the determination of magnesium. Poluektov and Kiseleva2 described Picramine R 
as a suitable reagent for indium, and Korenman et aL3 studied the use of the H-acid 
derivative as a reagent for gallium and indium. Sawin et aL4e6 reported Picramine 
R as a reagent for zirconium. Shchurova et aL6 described the use of picramine azo 
derivatives of 8-hydroxyquinoline-5-sulphonic acid and H-acid as suitable metal-ion 
indicators for the complexometric determination of bismuth. 

Very recently, Savvin et aL4 have reviewed several reagents for the photometric 
determination of zirconium. In addition to Arsenazo III, they have suggested two 
new reagents, Picramine R and Nitrosulphophenol S. These dyes have been shown 
to be superior to Arsenazo III, as they can be used even in the presence of Th(IV), 
Ti(IV), La(III), rare earths and U(VI). Stilbazogall I and Stilbazogall II7*8 have also 
been proposed as selective reagents for zirconium. 

In the present investigations, the picramine azo derivatives of a-naphthol, ,& 
naphthol, resorcinol, I-hydroxy-2-naphthoic acid, 2-hydroxy-3-naphthoic acid, 
H-acid, I-naphthol-5-sulphonic acid and chromotropic acid have been prepared. The 
chromotropic acid derivative, 2-(1-hydroxy-4,6-dinitro-2-phenylazo)-1 ,%dihydroxy- 

Picramine CA 

naphthalene3,ddisulphonate (Picramine CA), has been found suitable for the photo- 
metric determination of zirconium. It can be used in the presence of Th(IV), Ti(IV), 
La(IIT), rare earths, U(V1) and a number of other ions and is more sensitive (molar 
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absorptivity, 2-4 x 
have been prepared 

Reagents 

S. S. GOYAL and J. P. TANDON 

10”) than Picramine R (l-7 x 104). This dye does not seem to 
earlier nor studied as an analytical reagent. 

EXPERIMENTAL 

Preparation ofthe dye. Picramic acid (5 g) was dissolved in hot alcohol (150 ml); hydrochloric 
acid (1 + 1; 30 ml) was added and the mixture cooled in an ice-bath. The calculated amount of 
10% sodium nitrite solution was then added slowly with constant stirring. After 15-30 min the 
crystalline diazo compound had precipitated. It was separated by liltration and washed with a small 
amount of cold water. It was then suspended in cold water (30 ml) and coupled with chromotropic 
acid (9 g) dissolved in water (50 ml) containing sodium carbonate (5 g). The deep violet dye was 
filtered off and washed with a small amount of cold water. 
crystallization from 50% alcohol. 

The crude dye was puritied by repeated 
The acid form of the dye was finally extracted from acidic solution 

into n-butanol and the extract was washed with water to remove any acid present. It was further 
treated with alcoholic sodium hydroxide solution to obtain the insoluble disodium salt of the dye. 
This was filtered off and washed thoroughly with alcohol and ether and dried at 90”. The purity 
of the dye was confirmed by chromatography and elemental analysis. 

Dye solution, 0405M. Prepared in doubly distilled water, and further diluted for use. 
Zlrconium(ZV) solution, OOlM. Prepared by dissolving the requisite amount of ZrOCl~.8HI0 in 

I M hydrochloric acid and then standardized .* 
and further diluted for use. 

A fresh solution was used to avoid any aging effect, 

Calibration curve 
In 25-ml standard flasks, place aliquots of solution containing 10-70 pg of zirconium, and 10 ml 

of 5 x 10-4M dye solution, followed by 2.5 ml of 5M hydrochloric acid. Dilute the contents of the 
flasks with doubly distilled water and set them aside for 2 hr. Measure the absorbance of the solutions 
against a similarily prepared reagent blank at 570 mp. 

RESULTS AND DISCUSSION 

Qualitative study of the reactions of the dye revealed that it reacts with copper( 
scandium(III), zirconium(W) and niobium(V) ions in acidic medium (4-W hydro- 
chloric acid) to give a colour change from pink red to violet. In alkaline medium it 
gives a blue colour with copper(U), uranium(VI), vanadium(N) and zirconium(N) 
and a deep violet colour with a number of other ions. The colour reactions in 
neutral and alkaline media are not very selective, but a study of the zirconium complex 
of the dye in acidic medium was considered worthwhile. 

Properties of the dye 

Picramine CA is a deep violet powder soluble in water, stable in the solid state 
and in solution. An acidic solution of it (pH < 1.5) is pink-red (A,,, 500-510 mp), 
whereas neutral and alkaline solutions are violet (A,,, 560-570 mp). Its solution in 
concentrated sulphuric acid is bluish violet (;I,,, 590 mp). 

Zirconium complex 

The absorption spectra of O*SM hydrochloric acid solutions containing different 
metal-dye ratios, measured against a dye blank, are shown in Fig. 1. 

The optimum acidity was determined by plotting the absorbance of the complex 
as a function of the hydrochloric acid concentration and was found to be 0*5M 
(Fig. 2). As the dye absorbance is itself sensitive to changes in acid concentration 
in this region, it is necessary to have the same acidity in the test and blank solutions. 

The absorbances of solutions containing 1:2 and 2: 1 Zr(IV) :dye ratios in 0*5M 
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FIG. l.-Absorption spectrum of zirconium complex. 
[Zr]: [dye]; I-l :2; 2-l : 1; 3-2: 1. Final dye concentration 4 x 1O-6M. 
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FIG. 2.-Effect of HCI concentration. 
[Dye] = [Zr] = 5 x 10-6M. 

hydrochloric acid were measured against dye blanks at intervals of time. The absorb- 
ance increased gradually with time, becoming constant after about an hour and a half 
and remaining so for about 20 hr (Fig. 3). Measurements could be made after 30 min 
reaction, however, if a strict time schedule were kept. 

The colour system obeys Beer’s law over the range 0.4-2.8 ppm zirconium. The 
optimum concentration range (FCingboml”) is 0.7-3.0 ppm. By means of Ayres’ 
equationll the relative error per 1 ‘A absolute photometric error was calculated as 
2.93 %. The standard deviation was found to be 1.8 %. The molar absorptivity of 
the complex is 2.4 x loP, giving a Sandell sensitivity coefficient of 0.0038 ,ug/cm” for 
0~001 absorbance. 
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FIG. 3.-Development of colour. 
[Zr] : [dye] ; I-l : 2; 2-2: 1. Final dye concentration 4 x 10-5M. 

Effect of foreign ions 

In the determination of 2.0 ppm of zirconium, Li, Na, K, Mg, Ca, Sr, Ba do not 
interfere when present up to 50 ppm; Cd(II), Hg(II), Zn(II), Pb(II), Ni(II), Co(II), 
Cr(III), Ga(III), In(III), Tl(III), As(III), Sb(II1) and Bi(Il1) do not interfere when 
present up to 10 ppm; Mn(II), Fe(II), Pd(II), La(III), Y(III), rare earths, Ti(IV), 
Th(IV), V(IV), Pt(IV), U(VI), Mo(V1) and W(V1) do not interfere when present up 
to 5 ppm. The effect of 5 ppm of V(V) and Fe(II1) can be overcome by adding hydroxyl- 
amine hydrochloride. However, Cu(II), Nb(V), EDTA, fluoride, sulphate, tartrate, 
citrate, and other ions which form complexes with zirconium(IV), interfere. 

The standard spectrophotometric methods12-l5 indicated that a 1:2 (metal:dye) 
complex was formed but not others. For complete reaction the [dye] : [Zr] ratio must 
be at least 4 (Fig. 4). The conditional formation constant (in 0.5M hydrochloric 
acid at 30”) and free energy of formation have been calculated by the molar ratio15 
and Job methods13. The values are log K = 10.60, AG” = - 14.7 kcal/mole. 

IO 

Moles of dye/mole Zr (IV) 

FIG. 4.-Mole-ratio method. 
[Zr]; I-2 x 1O-6M, 2-3 x 10-5M. 
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Zasannnenfassung--Die im Titel genannte Verbindung wurde als 
selektives Reagens zur Mikrobestimmung von Zirkonium in saurem 
Medium (0,5M HCl) verwendet und fiir besser als Pikramin R befunden. 
Snektrophotometrische Untersuchunaen zeigen die Bilduna eines 
wasserl&lichen 2: 1-(Ligand:Zr) Komplexes in; die Reaktioi eignet 
sich dauert etwa 90 min. bis die Farbe voll entwickelt ist: damr ist 
sie etwa 20 h stabil. Der molare ExtinktionskoetBzient des Komplexes 
betragt 2,4. 104, die Gleichgewichtskonstante liegt in der GriiBen- 
ordmmg von lOto. Die Stijrung durch eine Anzahl von Ionen 
wurde untersucht. 

R&anne-On a utilise le compose du titre comme reactif selectif pour le 
microdosage du zirconium en milieu acide (HCl 0,5&f) et l’a trouve 
meilleur que la Picramine R. Les etudes spectrophotometriques 
montrent la formation dun complexe hydrosoluble 2: 1 (ligand: Zr) 
et la reaction convient au dosage photometrique de 0,4-2,8 p.p.m. 
de zirconium. 11 faut environ 90 mn pour le developpement complet 
de la coloration, qui est stable nendant environ 20 h. Le coefficient 
d’absorption mol&ulaire du complexe eat de 2,4 x 10” et la constante 
d’equilibre est de l’ordre de lOlo. On a etudie les interferences dues 
a un certain nombre d’ions. 
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EIN NEUES REAGENZ ZUR FLUOROMETRISCHEN 
BESTIMMUNG VON TERBIUM(II1) UND 

DYSPROSIUM(II1) IN WiiSSRIGER 
LOSUNG 

BIS[1(2)-PYRIDYL-3-METHYL-5-PYRAZOLONYL]-4,4’-METHAN 

E. BUTTER, I. Ko~owos und H. HOLZAPFEL 
Institut ftir Anorganische Chemie der Karl-Marx-Universittit, Leipzig, D.D.R. 

(Eingegangen am 21 November 1967. Angenommen am 13 April 1968) 

Zusammenfassrmg-Bis[1(2)-pyridyl-3-methyl-5-pyrazolonylJ~,4’-met- 
han wurde aus l(2)-pyridyl-3-methyl-5-pyraxolon und Urotropin 
synthetisiert. Die Struktur wurde mit Hilfe von Molekulargewichts- 
bestimmungen, UV-, JR-, and NMR-Spektren aufgeklgrt. Die 
Fluoresxenxspektren der witssrigen Liisung der Tb-, Dy- and Sm- 
Komplexe sowie die Abhtigigkeit der relativen Fluoresxenzintensitiit 
vom pH-Wet-t, vom Verhtitnis Metall: Komplexbildner und von den 
anderen Seltenen-Erd-Ionen werden mitgeteilt. Die analytische 
Eestimmung der Elemente Dy(III) und Tb(III) in den Seltenen-Erden 
wird beschrieben. 

IN LETZTER Zeit wurden zur fluorometrischen Bestimmung der Elemente Terbium und 
Dysprosium Pyrazolonderivate mit gutem Erfolg angewandt.1-3 Von den einge- 
setzten Verbindungen ergab aber nur das l-Sulphophenylmethyl-3-pyrazolon-5 
Komplexe mit Terbium und Dysprosium, die in wlssriger Liisung fluoreszierten. 
Die Komplexe der anderen Derivate sind nur im festen Zustand bestiindig. 

Bei unseren Untersuchungen zur Best&mung der Seltenen Erden auf der Grund- 
lage der Fluoreszenzanalyse konnten wir das neue Reagenz Bis( I(2)-pyridyl-3-methyl- 
5-pyrazolonyl)-4,4’-methan (BPPM) synthetisieren, das mit Terbium und Dysprosium 
in wlssriger Liisung Komplexe bildet, die rund zehnmal intensiver fluoreszieren als 
die Komplexe der obengenannten Verbindung. Damit ist die Bestimmung von 
Terbium in der GrGBenordnung von 1O-2 bis lo”% und des Dysprosiums in der 
GrBBenordnung von 10-l bis 1O-2% in den Seltenen Erden miiglich. 

l(2)-Pyridyl-3-methyl-5-pyrazolon (PP) (200 mg), das nach Fargher’ hergestellt worden war, 
wurde in Wasser (100 ml) mit leichtem Erw&men gel&t. 
wurde dann festes Urotropin (660 mg) hinzugeftigt. 

Nach dem Erkalten der klaren Losung 
Nach einiger Zeit fiel eine farblose, stark verfilzte 

Kristallmasse aus. Der Niederschlag wurde abgesaugt, mit Wasser gewaschen und im Exikator ilber 
CaCl, getrocknet. Ausbeute 60-70x, bezogen auf PP. Fp. 213” unter Zersetzung. 
BPPM lost sich sowohl im sauren als such alkalischen Milieu. 

Fp. von PP: 110”. 

Strukturuntersuchungen 

Die ebullioskopische Molmasse-Bestimmung in CHCI, ergab einen mittleren 
Wert von 366. Dieser Wert entspricht etwa der doppelten Molmasse (350) des 
eingesetzten PP. Es liegt nahe, eine Kondensation zwischen zwei Molektile des PP 
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(Formel I) mit Formaldehyd anzunenmen. Der entstandenen Verbindung klme 
dann Formel II zu. 

3 

B/‘N 

cH3~/cH*Yi-JH3 

Ya 

7 r “0’6 

I II 

Die Werte der Mikroanalyse (gef. : C = 62,1x; H = 4,9x; N = 22,9x, ber.: 
C = 62,9 %; H = 4,9 7;; N = 23,2 %) stimmen gut mit den berechneten Werten der 
angenommenen Verbindung tiberein, liefern aber keinen Beweis fi.ir die obige Formel, 
da die Werte der prozentualen Zusammensetzung der Ausgangssubstanz innerhalb 
der Fehlergrenzen der Mikroanalyse den gleichen Betrag haben. Aber der urn 100” 
hbhere Schmelzpunkt und die ermittelte Molmasse legen diese Formulierung nahe. 

Auch das Verhalten der beiden Komplexbildner gegentiber Cu(I1) ist verschieden. 
Nur das BPPM bildet mit Kupfer einen in Alkohol fast unliislichen rotvioletten 
1 :1-Komplex. 

Analyse: gef.: Cu = 14,4x; C = 52,3x; H = 3,6x; N = 19,2%. 
ber.: Cu = 14,85x; C = 53,81x; H = 3,74x; N = 19,74x. 

Die Zweiwertigkeit des Cu in dieser Verbindung wird durch das magnetische Moment 
von 1,72 BM bestatigt. 

Durch spektroskopische Untersuchungen werden weitere Beweise ftir die obige 
Formulierung geliefert. 

UV-Spektren. Die Kondensation zweier Molektile PP mit Formaldehyd ftihrt zu 
keiner me&lichen Anderung der Elektronenverteilung in den Molekiilen. Die 
UV-Spektren des PP und BPPM mtifiten praktisch identisch sein bis auf die molaren 
Extinktionskoeffizienten, die von BPPM etwa doppelt so grol3 sein sollten. Die in 
Tabelle I wiedergegebenen Ergebnisse stimmen damit gut tiberein. 

TABELLE I.-UV-SPEKTREN 1O-5 MOLARER METHANOLISCHER 
L&UNGEN VON PP UND BPPM 

1 xl&X, 
Verbindung nm EIMX 

YPF 221 5 . 108 
252 1.5 * 104 
292 8,5 - 10s 

BPPM 221 9,8 * 103 
253 1,7 * 104 
296 1.2 * 104 

TABELLE II.-NMR-SPEKTREN VON PP UND 
BPPM IN CDCI, MIT TMS AL.S STANDARD 

chemische Verschiebuw 
Verbindung 

PP 

BPPM 

PPm y 
2.25 CH, 1 
3;47 CH; 2 
5,40 CH 3 
2,27 CH, 1 
3,40 CH, 2 



ABB. 1 .-NMR-Spektren von PP (a) und BPPM (b) in CDC&, 

I&Spektrtm. Die Cb~urofo~~sungen der untersu~hten Verb~~dungeu erg&en 
praktisch identiscbe Spektren. Nur die IntensitSten der C=O-Frequenz bei 1730 cm-l 
unterscheid~ sich merklich. Jm PP ist die Intensitiit gt%&er, aber irnmer noch 
geringer als in anderen C~-Verbindungen. Dies weist auf das Vorliegen eines 
tautomeren Gleichgewichts bin. Die C==O-Frequenz im BPPM ist nur sehr scbwach 
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ausgeprligt, ein Zeichen dafiir, da8 diese Verbindung fast ausschliel3lich in der Enol- 
form vorliegt. 

NMR-Spektren (Tabelle II, Abb. I). Entsprechend dem Keto-Enolgleichgewicht 
sollten fiir das PP aul3er den Pyridinprotonsignalen folgende Signale zu beobachten 
sein: CH,, CH,, CH und OH und ftir das BPPM, das fast ausschliefilich in der 
Enolform vorliegt, CH,, CH, und OH. 

Im Spektrum des PP werden CH,-, CH,- und CH-Signale beobachtet, wobei die 
IntensitPt des CH-Signals wesentlich stlirker ist als die des CH,-Signals. Folglich mu8 
das Keto-Enolgleichgewicht zum grofien Teil auf der Seite der Enolform liegen. Im 
Spektrum des BPPM ist kein CH-Signal zu beobachten, wohl aber ein intensives 
CH,-Signal. Dieser Befund ist ein ausreichender Beweis fur die in Formel II beschrie- 
bene Struktur der neu synthetisierten Verbindung. 

Fluoreszenzeigenschaften der untersuchten wiissrigen Liisung 

Die Intensitat der charakteristischen Linienfluoreszenz der dreiwertigen Elemente 
Samarium, Europium, Terbium und Dysprosium kann durch Komplexbildung 
erhiiht werden, wenn der Ligand im UV-Bereich absorbiert und wenn sein Triplett- 
zustand hiiherliegt als das Resonanzniveau des betreffenden SE-Ions5 Bei Bestrah- 
lungen mit UV-Licht erfolgt die Anregung der SE-Ionen nicht tiber die relativ schmalen 
und wenig intensiven SE-UV-Absorptionsbanden, sondern iiber die vie1 breiteren und 
intensiveren Ligandenabsorptionsbanden. Die Energie wird dann strahlungslos an 
das SE-Ion iibertragen und als charakteristische Fluoreszenzstrahhmg emittiert, die 
zum Nachweis und zur Bestimmung dieser Elemente verwendet werden kann. Die 
Effektivitat der strahlungslosen Energietibertragung ist vom Liganden und dem 
Medium stark abhangig. 

Das neu synthetisierte Reagenz BPPM tibertragt die Anregungsenergie wirk- 
ungsvoil auf das Terbium und Dysprosium, schwacher auf das Samarium, aber 
unverstlindlicherweise auf das Europium nicht. 

Die Fluoreszenzspektren wurden von 1,4*10”’ molaren wassrigen Tb-, Dy- und 
Sm-L8sungen aufgenommen . Das Verhaltnis Metal1 zu Ligand betrug I:2 bei einem 
pH-Wert von 7,5. Zur Aufnahme der Spektren wurde das UV-Vis-Einstrahlphoto- 
meter mit Fluoreszenzaufsatz von VEB Carl Zeiss Jena verwendet. Zur Verbesserung 
des Signal-Rausch-verhaltnisses wurde der durch das modulierte Fluoreszenzlicht 
erzeugte Photostrom schmalbandig verstarkt und phasenempfindlich gleichgerichtet. 
Die Anregung erfolgte mit einer Hg-Hbchstdampfdrucklampe HBO 200 tiber ein 
Schottfilter UG 5 (Abb. 2). 

Die Spektren (Tab. III, IV, V und Abb. 3) zeigen die typische Linienfluoreszenz 
dieser dreiwertigen Ionen. Aus den Tabellen ist zu sehen, da13 die intensivste Linie des 
Tb bei 549,5 nm, die des Dy bei 574,8 nm und die des Sm bei 648,l nm liegt. Diese 
Linien wurden ausschliefilich fur die quantitativen Untersuchungen benutzt. Eine 
Bestimmung geringer Mengen von Dy in Tb und Sm ist nicht miiglich, weil sich bei 
griil3eren Spaltbreiten der Ubergang 4FB,z - 6H,,,, des Dy mit 5D4 - ‘F, des Tb und 
4F5,2 - 6H 5,2 des Sm iiberlagert. AuBerdem wird das Dy durch das Tb desaktiviert. 

Im folgenden werden die Parameter, die die Fluoreszenzintensitat beeinflussen, 
naher untersucht. 

Einfzug des pH- Wertes. Von einer Tb-LSsung (1,3*104 mol) mit einem Metall- 
BPPM-VerhHltnis 1:2 wurden mehrere Proben mit pH-Werten von 5,5 bis 10 
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ABB. 2.-Schematischer Strahlengang des UV-Vis-Einstrahlphotometers mit Fluores- 
zenzaufsatz. 

I-Strahler (HBO 200). 2-Quarzlinse. 3-Filter UG 5. 4-45”~Spiegel. 5-Proben- 
ktivette. 6-Absorption der Streustrahlung. 7-Quarzlinse. 8Spiegelmonochromator 
SPM 2. 9-MeBeinrichtung (SEV. Verstarker, Kompensations-bandschreiber). 10- 

(modulator). 

hergestellt. Die Einstellung des pH-Wertes erfolgte mittels SalzsPure und Ammoniak. 
Das Maximum der Fluoreszenzintensittit ist zwischen pH-Wert 7 und 8 zu beobachten 
(Abb. 4). 

Einjh@ der BPPM-Konzentration. Bei einem pH-Wert von 75 und einer Tb- 
Konzentration von 1,3 - lo4 mol wurden unterschiedliche Mengen BPPM zugesetzt. 
Die maximale Fluoreszenzintensitlt wurde bei einem Verhaltnis Metall:BPPM von 
1:2 festgestellt (Abb. 5). Ein UberschuS des Reagenzes vermindert die Intensitat. 
Aus diesem Grund ist die Ermittlung der Zusammensetzung des Komplexes durch 
isomolare Variation nicht miiglich. 

Abhlingigkeit der Fluoreszenzintensitiit von den anderen SE. Zu einer Liisung von 
Tb (0,125 lug/ml) oder Dy (0,5 ,ug/ m wurden 25 lug/ml anderer SE zugesetzt bei 1) 
einem pH-Wert von 7,5 und einem Gesamtmetall-Ligand VerhUnis wie 1:2. Die 
Ergebnisse sind in Abb. 6 wiedergegeben. Trotz der starken Verdtinnung der Los- 
ungen ist eine starke Abhgngigkeit zu beobachten, wie sie von Feststoffen und 

/ / 
560 

I \I 
550 540 590 580 570 560 

“ill nm 

ABEL 3.4ntensivste Fluoreszenzlinien des Tb (a)- und Dy (b)-Spektrums. 



E. BUTTER, I. Ko~owos und H. HOLZNFEL 

TABELLE III.-FLUORRSZEN~SPEKTRUM DES Tb-KOMPLEXES IN 
WjiSSRIGER Ii%JNG 

U&gang 1, nm 
Wellenzahl, 

cm-l I Tel 

SD, - ‘F, 478,3 
490,8 
494,9 

6D, - ‘F, 538,6 
540,8 
542,4 
544,O 
545,o 
549,3 

SD1 - ‘F4 582,l 
585,2 
588,9 
595,3 

5D, - ?FI 619,O 
623,0 
626,0 

SDd - ‘F, 633,0 
64038 

“Da - ‘F1 653,7 
658,3 

5D4 - ‘F, 672,6 

20900 
20370 
20200 
18566 
18490 
18436 
18382 
18348 
18204 
17179 
17090 
16980 
16790 
16155 
16051 
15974 
15797 
15605 
15297 
15190 
14867 

498 
390 
4,2 
2.3 
833 

16,5 
11,2 
13,3 
78,l 

290 
491 
3,3 
198 
2.8 
5;1 
695 
093 
093 
0,7 
098 
170 

TABELLE IV.-FLUORESZENZPEKTRUM DES Dy-KOMPLEXES IN 
WjiSSRIGER MSUNG 

Ubergang A, nm 
Wellenzahl, 

cm-’ I re1 

‘%a - ‘&6/s 471,3 21210 61 
473,0 21140 093 
475,6 21020 093 
479,3 20860 076 
481,9 20750 097 

‘FP/z - ‘Hll/p 563,9 17733 091 
570,l 17540 173 
574,8 17390 333 
581,3 17200 l-5 
586,l 17060 194 

TABELLEV.-FLUORJBZENZPEKTRUM DES Sm-KoMpLExES IN 
W~~SSRIGER L&WNG 

Ubergang 

%/n - ‘Hs/p 

4Gs/s - ‘I-&/e 

%/s - BHe/e 

1, nm 

561,O 
564,3 
593,4 
596,6 
601,2 
604,O 
611,2 
64490 
648,1 
654,5 
661 

Wallenzahl, 
cm-’ 

17826 
17730 
16852 
16761 
16633 
16556 
16363 
15527 
15432 
15280 
15128 

I rel 

0,Ol 
0,13 
OS 
0,07 
0,13 
0,ll 
0,27 
O-2 
0,83 
0,22 
0,08 
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ABB. 4.-Die Abhlngigkeit der Fluoreszenxintensitat vom pH-Wert einer 1.3 * lo-” mol 
Tb-L&q (Metall:BPPM = 1:2). 

[ Tb : BPPMI 

ABB. 5.-EinfluD des Verhlltnisses Metall:Komplexbildner auf die Fluoreszenz- 
intensitat (pH-Wert 7,5, orb = 1,3 * lo-’ mol). 

( I ‘: I I I , I 

LO Ce PI Nd Sm Eu Gd Tb Dy HO Er Tm Yb Lu Y 

&XI. 6.-AbhSngigkeit der Fluoreszenzintensitlt des Tb und Dy von den anderen SE 
TJntersuchungsbedingungen: pH = 7,5, Gesamtmetall:Ligand = 1:2; cse = 25 pg/ml, 
CT,, = 0,125 ,Ug/ml, CDy = 0,s ,&I$ bei der Tb-Messung 0,l mm spaltbrate und 

MeBbereich 2, ftir Dy 0,5 mm spaltbrate turd Me&ereich 1. 
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konzentrierten Liisungen wohl bekannt ist .6 Diese Erscheinung kann damit erkliirt 
werden, da0 hier in Losung polynukleare Komplexe vorliegen, die entsprechend dem 
KonzentrationsverhUtnis die in der Losung vorhandenen SE-Ionen enthalten. Durch 
den Zusatz eines anderen SE-Ions und der entsprechenden Menge Ligand entstehen 
grijfiere polynukleare Gebilde, die eine griihere Absorption aufweisen. Damit steht 
pro Atom Terbium oder Dysprosium mehr Anregungsenergie zur Verfiigung, unter 
der Voraussetzung, daB innerhalb der polynuklearen Komplexe eine strahlungslose 
Energietibertragung stattfindet. 1st in diesem polynuklearen Komplex ein SE-Ion 
enthalten, das als unmittelbarer Energietibertrager (Gd) auftreten kann, dann 
tritt eine weitere Versttirkung auf. Elemente, die als LSscher (Nd, Pr, Ho, Er) fur 
Terbium und Dysprosium bekannt sind, verringern die Intensitat etwa urn den 
gleichen Betrag wie sie durch die Erhiihung der Absorption durch VergrbBerung der 
polynuklearen Gebilde zunimmt. 

Bildungsgeschwindigkeit des Komplexes 

Die Bildungsgeschwindigkeit der emitierenden Verbindung bei 25” (Abb. 7, Kurve 
1) ist ein weiterer Hinweis auf die Bildung polynuklearer Komplexe. Innerhalb der 
Bestimmungszeit bleibt die Fluoreszenzintensitat konstant (Abb. 7, Kurve 2). 

I I I I I 

0 5 10 15 20 25 30 35 

1, Ill,” 

ABB. 7.-l. Bildungsgeschwindigkeit des emitierenden Komplexes. 2. Abhangigkeit 
der Pluoreszenzintensitat von der Belichtungszeit. 

crb = 1,3.10-’ mol; pH-Wert = 7,5; Metall:Ligand 1:2; Temperatur = 25°C. 

In Gegenwart der anderen SE-Ionen (csz = 25 pg/ml) ist die Fluoreszenzinten- 
sit%t im Bereich von 0,005 bis 1,5 ,ug/ml Terbium der Konzentration direkt pro- 
portional. 

Auf Grund der starken Abhsngigkeit der Fluoreszenzintensitlt von der Matrix 
wurde zur Ermittlung der Terbium- und Dysprosium-Mengen die Additionsmethode 
angewandt. 

Herstellung der LSsungen 

Die Reagenzlosung wurde aus 60 mg BPPM, die in 10 ml Wasser und 0,25 ml NH,-Liisung 
(3,4x) unter Rtlhren gel&t und dann auf 20 ml aufgeftillt wurden, bereitet. 
10. Die Losung mu&e jeden Tag frisch hergestellt werden. 

Der pH-Wert betrug ca. 

Zur Bereitung der SE-Lasungen wurden handelstlbliche SE-Oxide verwendet, Lieferwerk VEB 
Stickstoffwerk Piesteritz. SE-Oxide (25 mg) wurden mit konzentrierter Salzsaure in das Chlorid 
iiberftihrt. Nachdem die tiberschtissige sure durch Eindampfen beseitigt war, wurde der Rtickstand 
in 100 ml Wasser gel&t, der pH-Wert der Liisung betrug cu. 5. 
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Durchfiihrung der Annlyse 

In drei IO-ml-Kolben wurde jeweils 0,4 ml der hergestellten Reagenzliisung gegeben. Zu diesen 
Losungen wurden darm je 1 ml (25 pg/ml) der auf Terbium oder Dysprosium zu untersuchenden 
Lbsungen und zusiltzlich in 2 Kolben unterschiedliche Mengen (0,025 bis 10 pg) von Terbium bzw. 
Dysprosium hinzugeftigt und mit 2 ml Wasser verdihmt. Nach 30 Minuten wurden die Proben auf 
10 ml aufgeftillt und mit dem oben beschriebenen Gerat nach Einstelhmg der entsprechenden Emp- 
findlichkeit gemessen. Die unbekannten Terbium- oder Dysprosium-Mengen (x) in den SE-Oxiden 
wurden anhand des aufgenommenen Spektrums nach der bekannten Formel 

h,. c 
x=-_ h 2+0 

berechnet. 

h, = Peak-Hohe in mm der Linie der zu untersuchenden Lijsung 
h 2+* = Peak-Hohe in mm der Linie zu untersuchenden Lasung + Standardliisung 

c = zugcsetzte Menge an Terbium oder Dysprosium in pg 

In den Tabellen VI und VII sind die erhaltenen Ergebnisse dieser Untersuchung zusammengestellt. 
Aus die&n Tabellen karm such die Genauigkeit des Verfahrens abgelesen werden. 

Ein Vergleich zwischen den hiei mitgeteilten Nachweisverfahren und den von 
Kononenkol angegebenen ergibt, da0 sie, abgesehen von einigen Ausnahmen, die 
gleichen Ergebnisse liefern. Jedoch wurde mit dem Reagenz 4-Sulphonyl-3-methyl- 
5-pyrazolon unter den hier beschriebenen optischen Aufnahmebedingungen eine 

TABELLE VI.-BESTIMMUNG VON Tb,O, IN SE-OXIDEN 

Tb-Gehalt des zugegebene gefundene 
Oxids, Menge, Gesamtmenge, Gesamtmenge, Differenz, 

n, 0, 0, 0, 0, 

NWa - 

Sm@, 0,014 

Eu,Os 0,018 

Gd,O, 0,028 

DydA 0,037 

Ho,Oa 0,022 

Er,O, 0,Ol 

Tm@, 0,0184 

YWa 0,009 

Lu,O, 0,0146 

yzo3 0,034 

- 

- 

0,011 

0,020 
0,040 
0,010 
0,040 
0,010 
0,020 
0,040 
0,Ol 
0304 
O,ooQ 
0,02 
0,Ol 
0,02 
0,002 
0,Ol 
0,02 
0,Ol 
0,02 
0904 
0,Ol 
0,02 
0.04 
0;01 
0.02 
0;002 
0,02 
0,002 
0,02 
0,002 
0,Ol 
0,004 
0,Ol 
0,02 

0,020 
0,040 
0,Ol 
0904 
0,021 
0,031 
0,051 
0.01 
O&l 
0.018 
0;034 
0,028 
0,038 
0,03 
0,038 
0,048 
0,047 
0,057 
0,077 
0,032 
0,042 
0,062 
0,02 
0,03 
0,0204 
0,0284 
0,011 
0,029 
0,0166 
0,0246 
0,038O 
0,0440 
0,054o 

0,018 
0,034 
0,012 
0,037 
0,0164 
0,032 
0,0542 
0,014 
0,040 
0,022 
0,037 
0,031 
0,034 
0,035 
0,040 
0,05 1 
0,043 
0,054 
0,082 
0,036 
0,040 
0,059 
0;OlS 
0.03 
0;0160 
0,03 1 
0,0126 
0,027 
0,0178 
0,0238 
0704 
0,0438 
0,052 

-0,002’ 
-0.006 
-to;002 
-0,003 
-0,0046 
+0,001 
-to,0033 
+0,004 

0 
+0,004 
+0,003 
+0;003 
-0,004 
+0,005 
$0,082 
f0.003 
-0;004 
-0,003 
-to,005 
+0,004 
-0,002 
-0,003 
-0,002 

0 
-0,0044 
+ 0,0026 
+0,0016 
-0,002 
+0,0012 
-0,0008 
+0,0018 
-0,0004 
-0.0022 
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T~ELLE VII.-BE~TIMMUNC VON Dy,Oa IN SE-OXIDE 

Dy-Gehalt des zugesetzte 
Oxids, 
% 

Menge, Gesamtmenge, 
gefundene 

Differenz, 
% % 

Gesamtmenge, 
% % 

ri 

I&Q+ - O,l OS 0,13 +0,03 
092 032 0,16 -0,04 

034 0,41 +0,01 
ceo, - :: 

012 
091 0,ll -to,01 
42 0,26 -t 0,06 

f&4 OP 0,37 - 0,s 
PraOll - 

:: 
OJ 086 -0,04 

014 
032 0,18 -0,oz 
094 O&l +0,04 

Nde@ - OJ O,I 0,os -0,02 

:: 
42 0,19 -0,Ol 
44 0,36 -0,04 

Eu,Q - 

;; 
OS 0,os -0,os 
032 0,23 -to,03 

WOs - E 
O-4 0,4 0 

012 
OJ 0,ll +0,01 
092 0,22 +0,02 

I-h&h 0,06 091 0,16 0,170 +0,01 
032 0,26 0,23 -0,03 

EraOs - 0,2 OS2 0,165 -0,035 
054 O-4 0,42 0,02 

TV&% - 091 OS 0,ll +o,oi 
0,2 092 0,23 0,03 

Y&O, - O-1 091 0,OS -0,02 

8:: 
092 092 

L%O, - OJ 0,095 -&IO5 

Y*O, - :: 
092 0,185 -a:015 

012 
OS 0,075 -0,025 

O-2 0,193 -0,007 

lOma geringere Empfindlichkeit festgestellt. Gegeniiber der kiirzlich mitgeteilten 

Bestimmung des Terbium mit EDTA-Sulphosalicyls&ure7 zeigt das BPPM mit 

Terbium eine 20mal htrhere Intensitlit. 

Wir danken Herrn cand. them. G. Beuchel fiir die zeitweilige Mitarbeit und Herrn Dr. Klose 
vom Phys~li~hen Institut der Karl Marx-Unive~it~t Leipzig fur die Anfertigung der NMR- 
Spektren. 

Smnma~--The compound bis[l(2)pyridyl-3-methyl-5-pyrazolonyil- 
4,4’-methane has been synthesized from l(2)-pyridyl-3-methyl-5- 
pyrazolone and hexamethylenetetramine. The structure has been 
proved by determination of the molecular weight and UV, IR and 
NMR spectra. The fluorescence spectra of aqueous solutions of the 
Tb- and Dy- and Sm-complexes, and the dependence of the relative 
fluorescence intensity on the pH-value, on the metaLreagent ratio 
and on other rare earth ions are shown. The determination of Dy(II1) 
and Tb(III) in other rare earths is described. 

R&nn~n a synthetise le compose [bis l(2)-pyridyl 3-methyl S- 
pyrazolonyl] 4,4’-methane a partir de la l(2)-pyridyl 3-methyl 5-pyra- 
zolone et de l’hexamethylenetetramine. On a etabli la structure par 
determination du poids moleculaire et par les spectres UV, IR et RMN. 
On presente les spectres de fluorescence de solutions aqueuses des 
complexes avec Tb, Dy et Sm et la dependance de l’intensite refative 
de fluorescence par rapport B la valeur du pH, au rapport metal: 
reactif et aux autres ions de terres rams. On decritledosagedeDy(III)et 
Tb(II1) dans d’autres terres rares. 
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ARSENAZO III AND ITS ANALOGUES-IV 

THE ELECTRONIC STRUCTURE OF ARSENZO III IN MEDIA 
OF DIFFERENT ACIDITY 

S. B. SAVVIN and E. L. KUZIN 
Vemadsky Institute of Geochemistry and Analytical Chemistry, 

Academy of Sciences, Moscow, U.S.S.R. 

(Received 4 September 1967. Accepted 22 January 1968) 

Summary-By means of a single method, MOLCAO, the states of 
arsenazo III in strongly acidic, neutral and alkaline media has been 
studied. In the range from 1N sulphuric acid to pH 8, when the 
conjugated groups are not ionized the reagent is found in the azo form. 
Single stage ionization of the acidic (-OH, -NH-N=) or basic 
(-Na--_. =C=O) groups leads to a disruption of the symmetry of 
the system and to the appearance of the quinone-hydrazone form 
together with the azoide. The azoide and quinone hydrazone 
tautomers occur in the ratio 4: 1 in concentrated sulphuric acid medium 
in and 22: 3 alkaline medium. 

WE HAVE proposed elsewhere the method MOLCAO for calculation of the n- 
electron structure and electronic spectra of complicated organic reagents,l and of the 
corresponding complexes with non-transition elements,2 on the basis of which we 
examined a series of monoazo compounds. The same model was used3 to examine 
arsenazo III, the properties of which have previously been described.4 Hypotheses 
have been made51s about the form of the reagent in various media, and its ionization 
constants have been determined,’ but it is not possible to reach definite conclusions 
on the basis of a qualitative comparison of the absorption spectra and properties of the 
reagent in different media. This deficiency can be remedied by the use of MOLCAO. 

EXPERIMENTAL 

Arsenazo III was synthesized by the usual method .* Its absorption spectrum was measured on an 
SFD-2 spectrophotometer, for solutions in 95% and O.lN sulphuric acid, at pH 9, and in 30% 
potassium hydroxide solution .“p’ For attribution of the absorption bands to particular electronic 
transitions, the spectral curve was resolved into Gaussian curves .B We used the fact that one side of 
the absorption peak at longest wavelength is not distorted by overlap of neighbouring bands 
in regions where the absorbance (A) is low, since for points on this part of the curve, the graph of 
A log A =f(v) is a straight line which gives v(I) 
graph of the function log A =f’(t~ - v~&* 

III*= as the intercept on the abscissa (Fig. la). The 
must also be a straight line for the same absorbance 

values, its intercept on the ordinate giving the value of A@,,,= 
the Gauss curve: 

(Fig. lb). By using the equation for 

(v - ha=)*. In 2 
Ayp 

11s I 

where Avlls is the half-width of the band for A = fA maxI we can find Ar(I)ila from the given values of 
A(I) and r(Dmsx, and then construct band (I). On deducting this band from the spectrum we 
obtain a new contour. The long-wavelength slope of this curve does not give a linear dependence of 
curve is formed by overlap of several bands. For the region 17000-22000 cm-l we can expect two 
bands, from the symmetry of the curve. By choosing parameters for the bands so that a straight line 
was obtained for the co-ordinates A/A, and As/AZ (Fig. lc), we were able to resolve the second and 
third bands (A is the total absorbance on the composite curve, and AP and A, the absorbances on the 

913 
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FIG. l.-Determination of g 
(a) rmax and (b) Amax for a 
band I of the absorption 
spectrum of arsenazo III in 
O.lN sulphuric acid, and 
verification (c) of the 
accuracy of resolution of 
the two bands in Fig. 3. 

9 
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0 6 -- 

(C) 

I 
y, IO ‘cm-’ I 

FIG. 2.-Absorption spectrum of arsenazo III 
resolved into Gaussian curves (14); band II 
is derived by subtracting curve 1 from band I. 

FIG. 3.-Absorption spectrum of arsenazo III in 
95% sulphuric acid, resolved into two Gaussian 
curves. 
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second and third Gaussian curves respectively, The fourth band was resolved in the same way as 
the first. The spectrum of arsenazo III in O*lN sulphuric acid, resolved in this way, is shown in 
Fig. 2. The corresponding spectral analyses for concentrated sulphuric acid medium and a solution 
at pH 9.0 are shown in Figs. 3 and 4. 

01 

0 , I 
140 I60 200 220 240 260 

y, IO ‘cm ’ 

FIG. 4.-Absorption spectrum of arsenazo III at pH 9.0, resolved into three Gaussian 
curves. 

CALCULATIONS AND RESULTS 

The parameters .si, related to the energy levels Ei by the equation ei = (a - E,)/&,, 
and the molecular orbital coefficient Cf) of the orbitals yi = 2 C,(i)x(“’ were found 

k 

by solving the secular equations by a matrix method: 

C,(i’(& + Sk) + I: hkjCj(i) = 0 
j 

(2) 

wherek= 1,2,. . . N, and N is the number of n-centres. The sum is found of allj’s 
contiguous to k. The choice of parameters* is 8, and hki, and the non-coplanarity of 
the system is calculated in the same way as for arsenazo I2 The values of the para- 
meters are given in Table I. For calculating the transition dipole moment we used the 
following coordinate system and method of numbering the atoms: 

The bond angles were taken as 120” and the length of the C-C bonds as 1.39 A. 
Other bond lengths were taken from the standard tables.9 In view of the low non- 
planarity the P, component of the transition dipole moment was taken as zero. 

* In English nomenclature S, is usually denoted by h and h,l by k. 
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TABLE I.-VALUES OF PARAME~RS USED* 

Atomic s&e dr Atomic state ks 

at&t) -0*0.5 0 a& 250 2.00 

cc,,= “; 058 o-97 a& O-80 0.80 

a+,, 2.00 1.00 a_+ 0.63 103 
a&. 2.00 0.90 a.&+ 1.80 0.9 

* Induction parameter = 0.1. 
t Coulomb integral for the carbon atom adjacent to the arsenic atom. 

Ionization of the &phonic group was not taken into account,2 and in acidic medium 
(0.1-W sulphuric acid) the compound is un-ionized except for this grouping. It can 
therefore be described by means of the canonical structures I-III. 

m 

The asymmetric forms of I are less probable than the others. In Table II the theor- 
etical and experimental data are given for the spectra of forms I-III; jlmaH was 
calculated as bef0re.l It can be seen that there is agreement between theory and experi- 
ment only for form I, so the reagent evidendy exists in an azo form in media in which 
only the sulphonic or arsenic groups dissociate a proton (pH l-8). In less polar 
solvents there is a maximum at 620-630 m,u, indicating emergence of a small amount 
of form II. Absorption bands in the 620-670 m,u region arise when the reagent is in 
either alkaline (pH 9-10) or very acidic (85 % sulphuric acid) media, conditions in 
which the occurrence of both the azide and quinone-hydrazone ionized forms can be 
expected. This possibility, however, must be confirmed quantita~vely. 

The molecular diagrams with charge densities and bond orders for the neutral 
reagent were calculated and are shown below. It can be seen that for the azo form I 
the most likely site for protonation is the nitrogen atom next to a benzene ring. 

TABLE II.-CALCULATEDANDEXPERIMENTALABSORPTTON DATA FOR ARSENAZOIII 
1NO.f N SULPHURICACID 

Canonical 
form 

- ._ 
I 543 512 418 

(2.90) * (0.24 (1.51) lW:O~O8:0~63:0~53 
II 622 - 456 

(3.85) @74) (l-36) 1.~:0.~:0.26:0*53 
III 672 472 438 - 

Experimental 538 500 446 385 I&&:r&- 
values 1~00:0~29:057:0*49 

* Fi@res in brackets are squares of the transitional dipole moments. 
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This nitrogen atom has the maximum negative charge. The carbonyl oxygen atom 
has similar properties for form II. Thus for strongly acidic media, just as with mono- 
azo compounds,2 the structure of arsenazo III can be expected to be characterized by 
tautomeric equilibria of forms IV and V; a two-stage protonation leading to form VI 
can also be considered possible. 

Calculation of the positions of &,, of the longest wavelength absorption band of 
forms IV-VI gives the values 670,620 and 570 rnp respectively. Comparison of these 
figures with those obtained by resolution of the spectrum of the reagent in concentrated 
sulphuric acid (Fig. 3) shows agreement for forms IV and V, so a two-stage protona- 
tion is unlikely. By estimation of the long-wave transition moments, the relative 
amounts of forms IV and V can be evaluated. Let x be the fraction of IV, and (1 - x) 
that of V. The integrated intensity 1, of the ith Gaussian band is given by Ii = k&Avt, 
where Ai is the maximum absorbance in the band, Av, is the bandwidth at half 
peak-height, and k1 is a proportionality constant. The theoretical intensity of the 
band is given by Ii = kaxiPigvi where P is the transitional dipole moment and k, is 
another proportionality coefficient. From the relationship 

we obtain 

(3) 

(4) 

The results of estimations of the spectral characteristics of forms IV and V are 
given in Table III. From these results and the parameters obtained from Fig. 3 
(Av, = l-6 x 103 cm-l; Al = 0+98; Av, = 1.56 x 103 cm-l; A, = O-72), use of 
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TABLE ILL-CALCULATED AND EXPERIMENTAL ABSORPTION DATA FOR ARSENAZO III 
IN 95 % SULPPIURK ACID. 

Canonical 
form 

1 rnRX, n2p 

1 2 3 4 
Conjugation energy, & 

IV 671 483 458 373; 362 127 
(1.506) (1.91) (1.57) (0.143)(0*668) 

V 622 487 437 366 120 
(3.90) (0.623) (1.519) (0.461) 

Experimental 676, 480-520 420-460 350-390 
values 614 

equation (4) gives the ratio 4: 1 for the azide and quinone-hydrazone forms. This 
result was confirmed by comparison of the ratio of the total integrated intensity of the 
first two of the long-wavelength bands to that of the others, calculated theoretically 
from the spectra. From the spectra we have 

and theoretically 

Taking into account that there is a 5% error in determination of the parameters 
Sk and hkj, resulting in a 20% relative error in the square of the transition dipole 
moment, the agreement is reasonable and we can say that in concentrated sulphuric 
acid there is 3-4 times as much of form IV as of form V. 

From the change in the spectrum when the pH is raised to 9 (Fig. 4) it can be 
assumed that a dissociation occurs. From the molecular diagrams it is clear that it 
must be the -OH group in form I or the -NH- group in form II, so forms VII-IX 
can be expected to result: 

&-N&NaN*j = &=N&N-“h 

!zTJI lx 

The calculate& spectral characteristics of the forms indicated are compared in Table 
IV with the experimental results (Fig. 4). It can be seen that the band at 655 rnp 
can be associated with form IX, and the remaining bands with form VIII, so we 
assume that at pH 9-O there is tautomeric equilibrium between VIII, [88 % according 
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TABLE ~.--CALCULATEDANDEXPERIMEWALABSDRPTIONDATAFORARSENAZOIlIAT pH90. 

Canonical 
form 

1 max, mp 

1 2 3 4 
Conjugation energy, & 

EI 

IX 

Experimental 
values 

626 586 :z 433 416 346 385 - 
11.7 

(3.12) (0.40) (1.50) (0.78) 
479 418 - 10.6 

(0993) (1.62) 
513 430-380 

/ 
AsO,H 2 H2Ws \ 

0006 0687 -0008 
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to equation (4)] and IX (12%). Confirmation was obtained from the ratio of the 
integrated intensities of the first three bands to that of the rest: 

The molecular diagrams of forms IV, V, VIII and IX are given on the previous page. 

DISCUSSION 

It was shown earlier2*10 that for asymmetric monoazo compounds the quinone- 
hydrazone form always coexists with the azide form in solution. A special feature of 
the diazo compounds in moderately acidic media is the presence of only a symmetric 
azo form. In alkaline (pH 9GlO.O) and strongly acidic media, ionization disrupts 
the symmetry and leads to appearance of the asymmetric quinone-hydrazone form 
alongside the azide. The possibility of coexistence of these two species is explicable 
on the basis of their n-electron structure. Examination of the molecular diagrams 
shows that for a reagent with unionized conjugated groups there are greater differences 
in the charge distribution and bond order, and that ionization perceptibly levels out 
these differences. The fact that the energy of the conjugated azo form always turns 
out to be much higher (Tables III and IV) determines the direction of displacement of 
the equilibrium. 

These special features of arsenazo III determine its mode of reaction with metal 
ions. Two basic types of mechanism can be assumed. In one the metal interacts 
with the azo-oxy grouping, and in the other with theperi-dioxy grouping. The first 
type of reaction is characteristic of acidic media, and the second of neutral and 
alkaline media. Interactions of the metal with the quinone-hydrazone form of the 
reagent are also to be expected. 

Acknowledgements-The authors wish to express their gratitude to Prof. V. A. Izmailskii and Drs. 
I. I. Antipova-Karataeva and H. V. Yukhnevich for this discussion. 

Zusammenfassung-Die Struktur von arsenazo III in stark sauren, 
neutralen und alkalischen Medien wurde mit Hilfe eines einfachen 
Methode MOLKAO, berechnet. Im Bereich zwischen 1N Schwefel- 
saure und pH 8, wo die Konjugation Gruppen nicht ionisiert sind, 
lie@ das Reagens in der Azoform vor. Einstufenionisation der sauren 
(-OH, -HN-N=) oder basischen (-Na-, =C==O) Gruppen 
fiihrt zur Aufhebung der Symmetrie des Systems und dem Brscheinen 
der ChinonhydrazonformnebendemAzoid. DieAzoid-undHydrazon- 
Tautomeren liegen in konzentrierter Schwefelslure in Verhlltnis 4 : 1, in 
alkalischem Medium im Verhiiltnis 22: 3 vor. 

RI%I&--A~ moyen dun simple, method MOLKAO, on a etudice la 
structure de l’arsenzo III en milieux fortement acide, neutre et alcalin. 
Dans le domaine allant de l’acide sulfurique IN a pH 8, lorsque 
les groupes coniuge6 ne sont pas ionises, on trouve le reactif sous 
la f;rmd azoid& -l’ionisation-ii un seul stade des groupes acides 
(-OH. -NH-N=) ou basiaues (---N,. =C==O) m&e a une 
rupture de la symdtrie du systtme et ‘a l’apparition de ia forme quin- 
onehydrazone enmgme temps que de I’azide. Les tautomeres azoide et 
hydrazone se trouvent dam le rapport 4: 1 en milieu acide sulfurique 
concentre et 22: 3 en milieu alcalin. 
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Summa~---An ion-exchange method was applied to the analysis of 
synthetic mixtures representing various niobium-base alloys. The 
alloying elements which were separated and determined include 
vanadium, zirconium, hafnium, titanium, molybdenum, tungsten and 
tantalum. Mixtures containing zirconium or hafnium, tungsten, 
tantalum and niobium were separated by means of a single short 
cohunn. Coupled columns were employed for the resolution of 
mixtures containing vanadium, zirconium or titanium, molybdenum, 
tungsten and niobium. The separation procedures and the methods 
employed for the determination of the alloying elements in their 
separate fractions are described. 

IN RECENT years refractory-base alloys for high temperature applications have become 
increasingly prominent. Niobium-base alloys containing V, Zr, Hf, Ti, MO, W and 
Ta in various combinations are typical of such materials. Mutual interference due 
to chemical similarity and marked differences in the hydrolytic behaviour of these 
elements seriously complicate the analysis of such mixtures by conventional chemical 
means. 

The analysis of such mixtures can be greatly simplified by separating the elements 
from each other before their determination. Ion-exchange chromatography has been 
the most successful separation technique for this group of elements.1*2*s However, 
existing methods do not provide for the separation of vanadium, and they are not 
applicable to the complete resolution of mixtures containing two or more of the 
elements titanium (or zirconium), molybdenum and tungsten in the presence of 
large amounts of niobium.4 

A study performed in this laboratory has led to the development of an ion-exchange 
method which provides for the complete resolution of such mixtures. This method 
differs from others1*2*3 by employing hydrofluoric acid alone, rather than mixtures 
of hydrochloric and hydrofluoric acids, for the initial separations of vanadium, 
titanium (or zirconium), and molybdenum. In this way, interference from large 
amounts of niobium is avoided and provision can be made for the separate elution 
of vanadium. Thus, the ion-exchange method developed in this laboratory should 
be applicable to the analysis of niobium alloys in general, and the object of the work 
reported here was to evaluate this method. Of the alloying elements usually present 
in niobium alloys, only hafnium and tantalum were not included in the original 
ion-exchange study. No difficulty was expected with hafnium since published data 
clearly indicated that hafnium would behave like zirconium and titanium in the 
separation scheme,5 and these elements would be eluted together in the same fraction. 
The same is true of methods using hydrochloric-hydrofluoric acid mixtures as 
eluents.1*2*s Only one of these elements was present in each of the mixtures analysed 
in the present work. 

923 
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Tantalum, like niobium, is very strongly adsorbed from hydrofluoric acid and 
the hydrochloric-hydrofluoric acid mixture used in the proposed method,5*6 and 
should remain on the column with niobium while the other elements are removed. 
These two elements could then be readily separated by an established procedure.’ 

Because suitable standard samples were not available, synthetic standards were 
prepared by taking appropriate amounts of the pure metals. Samples simulating 
three commercially available niobium-base alloys (types C-129, FS-85 and B-66) 
and samples simulating complex niobium-base alloys of varying composition (con- 
taining vanadium, titanium, molybdenum and tungsten) were analysed by the pro- 
posed method. In addition, an FS-85 alloy sample was tested in conjunction with 
an inter-laboratory testing programme. 

Ion-exchange columns 

EXPERIMENTAL 

Polystyrene tubing 1 in. in diameter was used to prepare the columns. The bottom of the tubing 
was closed with a neoprene stopper with a &-in. hole. A 3-in. length of stiff polyethylene tubing 
G-in. outside diameter and A-in. bore) was inserted into the hole flush with the unner surface of the 
stopper. A piece of Tygon R tubing ‘was attached to the polyethylene tube and & flow controlled 
by a hose clamp on the Tygon tubing. The bottom of the large polystyrene tube was covered with a 
laver of vinvl chloride mastic “wool” as a sunnort for the resin bed. The column was filled with 
2%mesh D’owex-1 io&xchange resin of 8-1d% cross-linkage to obtain a settled resin column of 
the desired height, 4 or 8 in. fie dry resin was added as a s‘iurry in hydrochloric acid (1 + 9). A 
layer of the acid-resistant fibre was placed on top of the resin bed to avoid disturbance during addition 
of sample and eluent. 
the resin bed. 

The polystyrene tubing was long enough to give at least a 2-m. clearance above 
Eluent was added from plastic bottles 3 ft. above the column, via Tygon tubing and a 

3-in. length of polyethylene tubing inserted through a &in. hole in a neoprene stopper in the top of 
the column. Flow-rate was controlled by a hose clamp on the Tygon tubing. 

Preparation of synthetic samples 

Weighed amounts of the pure metals were transferred to a covered Teflon beaker and treated 
with 10 ml of hydrofluoric acid. When chemical reaction subsided nitric acid was added dropwise, 
each addition being made only after the reaction had subsided. When further addition of nitric 
acid no longer produced vigorous reaction, the samples were diluted with 10 ml of water and heated 
to complete dissolution. In the case of samples containing vanadium and/or molybdenum, additional 
nitric acid was added as needed to dissolve these metals. 

The solutions were evaporated to dryness on a steam-bath, and the residues were dissolved in 
75 ml of 6M hydrofluoric acid while still on the steam-bath. When clear solutions were obtained 
the samples were allowed to cool before the ion-exchange separation. With the exception of the 
FS-85 alloy mixture each sample weight totalled approximately 1 g. The FS-85 samples were made 
up to a total weight of about 0.5 g. 

Ion-exchange separations 

It has been shown that up to 100 mg of zirconium and tungsten can be separated from each other 
and from a relatively large amount (800 mg) of niobium by using 275M hydrofluoric acid to separate 
zirconium on a 4-in. column of strong-base anion-exchange resin. Tungsten can then be cleanly 
separated from niobium*** without fear of niobium contaminating the tungsten fraction, which 
ofien occurs when hydrochloriohydrofluoric acid mixtures are u&d at the-outset. This method 
(Scheme A. below) was used for the analvsis of the C-129 and FS-85 tvne mixtures. 

Because- the elution characteristics of &adium, titanium and z&o&m are practically identical 
in 27.5M hydrofluoric acid, the resolution of mixtures containing vanadium and zirconium (or 
titanium) requires a different scheme. Up to lOO-mg amounts of vanadium and zirconium (or 
titanium) &be separated in the presence of a large am&m of niobium (800 mg) by eluting vanadium 
first through an 8-in. column with 13M hydrofluoric acid. When molybdenum is also present, 
however, a larger column (at least 12 in.) must be used in order to make possible the subsequent 
separation of zirconium (or titanium) and molybdenum with 27.5M hydrofluoric acid. With such a 
long column, excessively large fraction volumes must be collected, especially for the initial elution 
of vanadium, and the separations take a long time. 
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A more efficient system of coupled columns was therefore devised. Vanadium is fist eluted 
through an 8-m. column with 13M hydrofluoric acid. Then a 4-m column is attached to the bottom 
of the first column, and zirconium (or titanium) and molybdenum are eluted in separate fractions 
with 275M hydrofluoric acid. The columns are then separated and tungsten, if present, is eluted 
from the 4-in. column while niobium is simultaneously removed from the 8-m column. This method 
(Scheme B below) was used for the analysis of the B-66 alloy type mixtures and the simulated complex 
alloys. 

Scheme A 
Condition a 4-m column by passing 100 ml of 6M hydrofluoric acid through it in 25-ml incre- 

ments. Transfer the sample to the column and drain it into the resin. Wash the sample beaker and 
ton of the column with 25 ml of 6M hvdrofluoric acid. Close the hose clamp when the washings 
h&e drained to the top of the resin bed. Discard the effluent and connect the-eluent supply line io 
the column. Add the first eluent, 27.5M hydrofluoric acid, to give an inch depth of it above the resin. 
Open the hose clamp at the bottom of the column and drain the solution to the top of the resin, 
catching the eluate in a clean plastic beaker. Pass the eluent through the column at a flow-rate of 
3 ml/min, keeping an inch of solution above the resin. Collect 175 ml of eluate, stop the flow, and 
drain the solution to the top of the resin. Use this fraction for the determination of zirconium or 
hafnium. 

Wash the column with two 15-ml portions of the second eluent, 7M hydrochloric acid-3M 
hydrofluoric acid solution, draining each to the top of the resin bed (to minimize intermixing of the 
successive eluents). Elute with the second eluent in the same way as with the first. Collect 150 ml 
of eluate for tungsten determination and change to the next eluent as before. 

Elute niobium with 200 ml of 3Mammonium chloride-IM hydrofluoric acid solution and finally 
elute tantalum with 300 ml of 3M ammonium chloride--1M ammonium fluoride solution. 

Condition the column with 100 ml of 6M hydrofluoric acid to prepare it for the next sample. 

Scheme B 
Prepare and condition a 4-m and an 8-in. column as in Scheme A, using 150 ml of 6M hydrofluoric 

acid for the 8-m column. 
Transfer the sample to the 8-in. column as described in Scheme A but do not discard any effluent 

[any vanadium(IV) present is only slightly adsorbed]. Elute vanadium with 13M hydrofluoric acid 
and collect 800 ml of eluate, including the volume of sample and washings (about 100 ml). 
flow of eluent and drain the solution to the top of the resin. 

Stop the 

Into the top of the 4-in. section fit a stopper with a short piece of polyethylene tubing inserted 
through it and attach it to the bottom of the 8-in. section by means of a short piece of Tygon tubing. 

Wash the coupled coIumns with two 15-ml portions of 27*5M hydrofluoric acid, draining each 
to the top of the resin. Then elute with 27=5M hydrofluoric acid at maximum flow-rate (~2 ml/m@. 
Collect 350 ml of eluate for zirconium or titanium determination, and stop the flow. 

Continue the elution and collect a second fraction (250 ml) for determination of molybdenum. 
Close all the hose clamps, including one placed on the Tygon tubing connecting the sections, and 
disconnect the columns. 

Elute tungsten from the 4-in. section with 225 ml of 7M hydrochloric acid-3M hydrofluoric 
acid solution, and at the same time elute niobium from the 8-in. section with 300 ml of 3M ammonium 
chloride-1M hydrofluoric acid solution. 

Condition the columns with 6M hydrofluoric acid to prepare them for the next sample. 
In the application of these separation schemes, especially Scheme B, it is necessary that the 

recommended experimental conditions such as resin particle sire, flow-rate, and fraction volumes, 
be used. For example, increased flow-rate results in less efficient elution and wider elution bands. 
Conversely, decreased flow-rate provides more efficient elution and consequently narrower elution 
bands. Thus, if the flow-rate is changed, the effect on the elution behaviour of the elements must be 
evaluated and the fraction volumes adjusted accordingly. Too fast a flow-rate may cause overlapping 
of the elution bands so that quantitative separations cannot be achieved. Larger resin particle sire 
affects behaviour in the same direction as increased flow-rate: elution efficiency is decreased and 
elution bands are broadened, 

Vanadium 
Chemical Determination of Separated Constituents 

Determine vanadium by titration with potassium permanganate. B Transfer the vanadium fraction 
to a Teflon beaker, add 20 ml of sulphuric acid (1 + 1) and 5 ml of nitric acid, and evaporate on a 
hot-plate till sulphur trioxide fumes appear. Cool, transfer the residue to a Pyrex beaker with 
adequate washing, evaporate, then heat to strong fumes for 2-3 min. Cool, dilute the solution to 
-100 ml and cool again in a water-bath. Add 5 % potassium permanganate solution dropwise until 
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the solution remains pink for at least 10 min. Add 3.3 ml of 006Nferrous ammonium sulphate 
for each 1% of vanadium expected (l-g sample) and 13 ml excess*; oxidize the excess with 15 ml 
of 15 ‘A ammonium persulphate solution. 
to a pink end-point. 

Titrate vanadium(IV) with 0*06N potassium permanganate 

Zirconium 
Graoimetric method.B Transfer the zirconium fraction to a Teflon beaker, add 20 ml of sulphuric 

acid (1 +- 1) and 5 ml of nitric acid, and evaporate till fumes appear. Cool, transfer the solution 
to a Pyrex beaker, add 1 ml of nitric acid, evaporate till fuming and heat for 2-3 min. more. Cool, 
dilute the solution with 80-90 ml of water and add l-2 ml of hydrogen peroxide (30%) and 25 ml 
of diammonium phosphate solution (30 %). Heat gently for 1 hr and then allow to stand overnight. 
Add paper pulp and filter through a close-texture paper containing a little pulp. Wash the precipitate 
18-20 times with ammonium nitrate solution (5x), and ignite it in a weighed platinum crucible, 
first at low temoerature to remove carbon and t?nallv at 1050” for 20 min. The conversion factor 
is 0.344. L 

, 

Photometric method.*O Treat the zirconium fraction as before, but after the second fuming add 
27.5 ml of concentrated sulphuric acid, transfer the solution to a 500-ml volumetric tIask, cool, and 
dilute to volume with water. Transfer a lO-ml aliquot to a 100~ml volumetric flask and dilute to 
volume. Transfer a 20-ml aliquot of this solution to a 25-ml volumetric flask, add 1.5 ml of 0.05 % 
Xylenol Orange solution, dilute to volume, mix, and measure the absorbance in a l-cm cell at 535 rnp, 
using a reagent blank as reference. Prepare a calibration curve to cover the range 10-60 pg of 
zirconium, adding 2-O ml of 2*5N sulphuric acid to each standard. 

A stock zirconium solution can be prepared by dissolving ho.6 g of zirconyl nitrate dihydrate 
in 200 ml of hydrochloric acid (1 + 1) and diluting to 1 litre, and standardized gravimetrically with 
pchloromandelic acid” or cupferron. The standard solution for calibration is prepared by diluting 
the stock solution lo-fold. 

Titanium 
Transfer the titanium fraction to a Teflon beaker, and heat to fuming with 20 ml of dilute sul- 

ohuric acid (1 -I - 1) and 5 ml of nitric acid added as for the zirconium fraction. Dilute the solution 
io 100 ml ina volumetric flask. Take an aliquot containing l-2 mg of titanium for the photometric 
determination as the peroxide complex,@ and dilute it to volume in a 100~ml volumetric IIask with 
dilute sulphuric acid (1 + 9). With a clean dry pipette remove 25 ml of this solution to use as refer- 
ence solution for the photometric measurements. To the remainder add 1.0 ml of hydrogen peroxide 
(30%) and mix. Measure the absorbance in a l-cm cell at 410 m,u. 

Prepare a calibration curve covering the range @5-2.5 mg of titanium, using the same procedure 
as for the samples. A standard titanium solution (O-25 mg/ml) can be made by dissolving 419 mg 
of pure titanium dioxide in a mixture of 25 ml of sulphuric acid and 10 g of ammonium sulphate 
and diluting to 1 litre with sulphuric acid (1 + 9). 

Hafnium 
Determine hafnium gravimetrically by precipitation with cupferron and ignition to the oxide.” 

Heat the hafnium fraction with 40 ml of sulphuric acid (1 + 1) and 5 ml of nitric acid in a Teflon 
beaker till fumes appear. Transfer to a Pyrexbeaker and fume strongly for 2-3 min. Cool and dilute 
with 180 ml of water. then cool aeain to 5-10” in an ice-bath. Precioitate the hafnium with 50 ml 
of cold 6% cupferron solution, a;d let stand for 30 min in the ice-bath with intermittent stirring. 
Then filter off on medium porosity paper and wash the precipitate with cold cupferron wash solution 
(100 ml of hydrochloric acid and 25 ml of the cupferron solution, diluted to 1 litre). Ignite to the 
oxide in a weighed platinum crucible, at 1000” for 1 hr. The conversion factor is 0.848. 

Molybdenum 
Determine molybdenum photometrically as the thiocyanate complex.ls Transfer the molybdenum 

fraction to a Teflon beaker and heat it with 5 ml of nitric acid and 5 ml of perchloric acid till light 
fumes appear, cool, and transfer to a Pyrex beaker. Add 1 ml of nitric acid, fume strongly for 5 min, 
cool, then transfer the solution to a 500-ml volumetric flask and dilute to volume. Transfer to a 
lOO-ml volumetric flask an aliquot containing from @l to 1.0 mg of molybdenum and add 17 ml 
of perchloric acid containing 25 g of iron per litre. Heat the solution to strong fumes, cool it some- 
what, dilute with 25 ml of water and mix. Cool the solution to room temperature and add, with 
swirling, a mixture of 20 ml of tin(H) chloride solution (25 % in 2M hydrochloric acid) and 10 ml 
of 10% sodium thiocyanate solution. Dilute to volume, mix, and measure the absorbance at 515 rnp 
against a reagent blank. 

* About 3 ml to reduce the excess of permanganate and 10 ml to allow a tolerance of about 
+ 3 % on the amount of vanadium present. 
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A standard molybdenum solution (“1 mgjml) for calibration purposes can be prepared by 
dissolving 186 mg of ammonium heptamolybdate tetrahydrate in water and diluting to 1 litre, and 
standardized by precipitating the molybdenum as silver molybdate. 

Tungsten 

Determine tungsten gravimetrically as tungstic oxide. ** Transfer the tungsten fraction to a Teflon 
beaker and heat to strong fumes with 20 ml of dilute sulphuric acid (1 -t 1). Cool and transfer to a 
Ryrex beaker. Dissolve any precipitate remaining in the Teflon beaker by adding a few ml of water 
and a sodium hydroxide pellet, and add it to the Pyrex beaker. Add 5 ml of nitric acid and again 
heat to strong fumes. Cool, dilute to 160 ml, add 15 ml of nitric acid and boil for 15-20 min. Add 
paper pulp and let stand at room temperature for several hours. Filter off on close-textured paper 
to which paper pulp has been added, transferring and washing the precipitates with warm hydro- 
chloric acid (1 -I- 49). Ignite at 800” to constant weight in a weighed platinum crucible. The factor 
is 0.793. 

Tantalum 

Determine tantalum gravimetrically by precipitation with cupferron and ignition to the pentoxide.# 
Transfer the tantalum eluate to a Pyrex beaker containing 10 g of boric acid and 55 ml of concentrated 
hydrochloric acid. Heat to dissolve the boric acid, then cool in an ice-bath to S-10”. Add 50 ml of 
cold 6 % cupferron solution and paper pulp and keep the solution in the ice-bath for 15-20 min 
with intermittent stirring. Filter off on medium porosity paper and wash with the same cupferron 
wash solution as for hafnium. Ignite to constant weight at 1000” in a weighed platinum crucible. 
The factor is 0.819. 

RESULTS AND DISCUSSION 

Analysis of synthetic samples 

The results in Table I show that the proposed ion-exchange method gives quantita- 
tive recovery of each of the alloying elements determined. Vanadium, molybdenum 
and tungsten were determined in the range 2-10% with average deviations of 0.03, 
044 and 0.03 y0 respectively. The average deviation for zirconium at the 1% level 
is 0*02%, while that for titanium in the range l-5-5% is 0.05%. The values for 
hafnium at the 10% level and tantalum at the 27% level are 0.06 and O-1 %, respec- 
tively. It can be concluded, therefore, that the recommended procedure can be 
applied to niobium alloys in general for the determination of these alloying elements 
at levels of 10% or less, with a l-g sample. Because of its strong adsorption, it should 
be possible to determine tantalum without difficulty at levels well above 27%. To 
determine tantalum in a l-g sample at levels above 15 %, appropriate aliquots of 
the tantalum-bearing eluate should be taken for the cupferron precipitation to avoid 
unwieldy amounts of precipitate. In that case, the eluate is heated with 10 g of 
boric acid and 75 ml of concentrated hydrochloric acid till the boric acid has dissolved, 
and after cooling is diluted to volume in a 500-ml volumetric flask. A 50-ml aliquot 
is diluted with 50 ml of hydrochloric acid (1 + 6) and precipitation is carried out 
as before. 

For determination of the other alloying elements at levels above IO%, the sample 
size should be reduced to contain no more than 100 mg of each of the elements to 
be determined. 

Analysis of a commercial lC!M5 niobium alloy 

The results obtained on the commercial FS-85 alloy are summarized in Table II. 
It was analysed three times, on different days, by Scheme A, I-g samples being used 
because of the low zirconium content. The tantalum method was modified accordingly 
as described above. 
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TABLE I.-ANALYTICAL RESULTS OBTAINBD BY RECOMMENDED PROCEDURES ON SYNTHETIC MIXTURES 

c-129 Ahoy type 

Hafnium, % Tungsten, % 
Sample Added Found Added Found 

1 10.42 1040 10.00 9.96 
2 10.13 10.09 998 9.96 
3 9.87 9.76 9.87 9.81 

FS-85 Ahoy type 

Zirconium, % Tungsten, % Tantalum, % 
Sample Added Found* Added Found Added Found 

1 1.13 1.10 10.33 10.41 26.1 26.7 
2 1.10 1.12 10.29 10.31 26.8 26.9 
3 1.01 0.98 10.19 10.19 269 27.1 

B-66 Ahoy type 

Vanadium, % Zirconium, % Molybdenum, % 
Sample Added Found Added Foundt Added Found 

1 5.14 5.07 1.13 1.12 4.90 4.92 
2 460 4.57 1.09 1.09 464 4.65 
3 4.95 495 1.68 1.63 4.57 4.49 
4 5.19 5.16 1.14 1.17 4.82 4.78 

Samples simulating complex alloys of varying composition 

Vanadium, % Titanium, % Molybdenum, % Tungsten, % 
Sample Added Found Added Found Added Found Added Found 

1 5.31 
2 9.82 
: 2.04 2.41 

* Gravimetric. 
t Photometric. 

5.28 5.00 4.92 4.88 483 4.92 4.91 
9.75 1.52 1.48 9.43 9.32 9.42 9,45 
2.07 2.41 2.07 1.96 2.04 1.91 2.12 1.98 2.11 200 4.86 1.96 4.86 1.94 

TABLE II.--ANALYTICAL RESULTS OBTAINED BY THE RECOMMENDED 
PROCEDURE ON A COMMERCIAL FS-85 ALLOY 

Sample Zirconium*, % Tungsten, % Tantalum, % 

1 0.91 10.00 27.7 
2 0.92 10.04 27.1 
3 0.91 10.07 28.1 

Average 0.91 10.04 278 

* Determined by the gravimetric phosphate method. 

This FS-85 alloy was the only niobium-base alloy tested in an inter-laboratory 
testing programme of refractory metal standards for the Materials Advisory Board 
Refractory Metals Sheet Rolling Sub-panel on Analytical Methods of the National 
Academy of Sciences and National Research Council. Fourteen laboratories partici- 
pated in the determination of the alloying elements in this alloy. Analyses were 
performed by different techniques in accordance with individual laboratory preference. 
Many used X-ray fluorescence and emission spectroscopy, while others used wet 
chemical methods. Of the latter, the ion-exchange technique was predominant. 
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Although details of the methods employed by the various laboratories are not 
available, it is very likely that hydrochloric-hydrofluoric acid mixtures were used as 
eluents in the ion-exchange methods by the other laboratories. At least one laboratory 
with considerable experience in ion-exchange analysis is known to have eluted zir- 
conium and tungsten together in the same fraction. This was done to avoid the 
contamination of tungsten with niobium, which generally occurs when attempts 
are made to separate zirconium and tungsten from each other with this system in 
the presence of a relatively large amount of niobium. 

Average results from the individual laboratories and a statistical analysis are 
shown in Table III. The results were obtained from a final report on the refractory 

TABLE III.---RESULTS OBTAINED ON FS-85 ALLOY, CLASSIFIFD BY METHOD 

X-ray fluorescence Emission spectroscopy Chemical 
Ta, % W, % Zr, % Ta, % W, % a, % Ta, % W, % Zr, % 
27.26 9.98 1.05 26.35 10.23 094 27.8 10.04 0.91 
27.9 10.1 0.87 28.62 10.53 0.91 28.82 10.0 0*92t 
30.3 11.6 1.12 27.45 11.59 154 27.73 9.86 0.95 
31.3 12.6 1.04 26.8 9.75 0.76 
26.9 10.3 0.80 27.46 10.22; 0.46 

10*2* 
Average 
Average deviation 
Standard deviation 

28.73 10.92 0.98 27.47 10.77 1.13 27.72 10.01 0.80 
1.65 0.95 0.11 0.76 053 0.28 0.51 0.14 0.15 
1.95 1.14 0.135 1.14 0.72 0.37 0.78 0.19 0.20 

* Tungsten determined by dithiol extraction-photometric method. 
t Zirconium determined by phosphate precipitation following a fluoxirconate separation. 

metals co-operative analysis programme. I6 Ion-exchange results are listed under 
chemical methods. The Grst figures listed for each element under this group are 
those reported by the present author. The few results obtained by wet chemical 
methods not involving ion-exchange are indicated. 

These results are indicative of the sad state of affairs which exists in connection 
with the analytical determination of alloying elements in refractory alloys. The 
ion-exchange data for tantalum and especially for tungsten show better inter-laboratory 
agreement than do the results obtained instrumentally. On the other hand, the 
X-ray fluorescence values for zirconium show less scatter than those obtained by 
emission spectroscopy or chemical methods. 

A summary of selected results, obtained after eliminating three outlying figures 
for each alloying element, also appeared in the final report.ls The averages and 
standard deviations were : tantalum, 27.67% + 0.67% ; tungsten, IO.1 1 y0 f 0.22% ; 
zirconium, 0.92% + O-092%. 

These average values are in good agreement with the results obtained by the 
ion-exchange method proposed here. It should be noted, however, that the selected 
results still reflect considerable scatter, as indicated by the coefficients of variation 
which are 2*4%(Ta), 2*2%(W), lO%(Zr.). 

Application of the proposed ion-exchange method to a series of synthetic niobium 
alloy standards yielded quantitative recovery of each of the elements determined. 
Although inter-laboratory testing results are available for only the FS-85 alloy, the 
wide divergence of the values reported by the individual laboratories for this alloy 
is ample evidence that there is a definite need for a reliable method suitable for the 
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determination of alloying elements in niobium alloys. The method proposed here 
fullills this need. In addition, the proposed method, unlike other ion-exchange 
methods, is especially well suited for application to the analysis of niobium alloys 
in general, since it provides for the separation of vanadium, molybdenum and tungsten 
from each other and from zirconium, titanium, or hafnium, without interference 
from large amounts of niobium. 

Zusanunenfassung-Zur Analyse synthetischer Mischungen, die ver- 
schiedenen Legierungen auf Niob-Basis entsprechen, wurde ein 
Ionenaustauschverfahren verwendet. Die abgetrennten und bestimm- 
ten Legierungselemente umfa8ten Vanadium, Zirkonium, Hafnium, 
Titan, kolybd?in, Wolfram und Tantal. Mischungen aus Zirkonium 
oder Hafnium. Wolfram, Tantal und Niob wurden mit einer kurzen 
S&de getrennt. Kombinierte Saulen wurden gebraucht zur Auf- 
trennung von Gemischen aus Vanadium, Zirkonium oder Titan, 
Molybdan, Wolfram und Niob. Die Trermverfahren und die zur 
Bestimmung der Legierungselemente in ihren Fraktionen verwendeten 
Bestimmungsmethoden Werden beschrieben. 

Resume-On a applique une m&ode d&change d’ions a l’analyse 
de melanges synthetiques representant divers alliages a base de niobium. 
Les elements d’alliages que l’on a &pares et determines comprennent: 
vanadium, zirconium, hafnium, titane, molybdene, tungstene et 
tamale. Des melanges contenant: zirconium ou hafnium, tungstene, 
tantale et niobium ont et6 stpares au moyen d’une settle colonne 
courte. On a utilise des colonnes couplees pour la resolution de 
melanges contenant : vanadium, zirconium ou titane, molybdene, 
tungstene et niobium. On d&it les procedes de separation et les 
methodes employees pour la determination des elements d’alliages 
dans leurs fractions separees. 
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Summary-A high-vacuum, low-temperature, continuous separation 
technique has been used in conjunction with a mass spectrometer for 
the analysis of carbon dioxide containing vpm amounts of Hg, He, CH,, 
Ne, Np, CO, On and Ar. The method relies on the condensation of 
carbon dioxide on the walls of a glass U-tube, cooled in liquid nitrogen, 
connected between an inlet and the ion source. A high-pressure carbon 
dioxide sample thus enters the inlet leak but only the impurities pass 
through the U-tube and reach the ion source, resulting in considerable 
gain in sensitivity and elimination of interference from carbon dioxide. 
The sensitivity of the method is several orders of magnitude better 
than the normal mass spectrometric method. 

A NEED has arisen in recent years for high-purity carbon dioxide, necessitating the 
development of analytical methods capable of determining the permanent gas impuri- 
ties at vpm levels. The only facilities available at these laboratories for analysis of 
high-purity gases are gas chromatography and mass spectrometry. An obvious 
initial choice of method is gas chromatography using a helium ionization detect0r.l 
This would offer adequate sensitivity for most of the impurities, except of course for 
helium, but difficulty would be experienced in attempting to separate Ha, Ne, O,, Ar, 
CO, Nz and CH4 on any single column. Although highly activated molecular sieve 
5A can be used2 to separate O2 and Ar, and to obtain partial separation of H, and Ne, 
in our experience a highly activated column of this nature increases the retention time 
for carbon monoxide and reduces the overall sensitivity of the chromatograph 
to this gas. The determination of impurities in carbon dioxide by normal mass 
spectrometric analysis techniques is limited because of the interference of a number of 
ion species, including CO+ and O,+, which are produced in the ion source. The 
interference of the CO+ ion with the nitrogen determination is extremely severe, the 
peak at m/e 28 in the spectrum of carbon dioxide being of the order of 8% of the 
parent peak. In order to be able to carry out a mass spectrometric analysis (particu- 
larly for traces of nitrogen) an impurity concentration or separation technique is 
required. 

This report is concerned with the development of a high-vacuum, low-temperature, 
separation technique for use with a mass spectrometer (A.E.I. Model MSZG) for the 
analysis of high-purity carbon dioxide. 

Sample inlet system 
EXPERIMENTAL 

It was considered that the simplest and most effective way of separating the impurities from the 
carbon dioxide sample, and at the same time gaining considerable sensitivity, was to admit continu- 
ously a high-pressure sample of carbon dioxide, via a direct inlet syskm8 into the mass spectrometer 
source inlet tube and then to remove the carbon dioxide by freezing it at 77”K, hence allowing only 
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the volatile impurities to enter the ion source. A system was devised comprising an inlet valve, a 
condensation tube and a vacuum lock which allowed the instrument to be used in its normal configura- 
tion when required (Fig. 1). The vacuum lock valve (Vr), which is similar in construction to a normal 
A.E.I. inlet leak valve,4 is constructed of brass and has a polished stainless steel insert for the valve 

To CO, 

cylinder 

VI % 
To GHP 

To atmosphere 

From double inlet system 

To ion source 

FIG. 1 .-Schematic diagram of gas inlet system and vacuum lock assembly 

V1 l/16 in. Edwards needle valve 
V,, Vs, V,, V,, V, Edwards Saunders l/4 in. valve. 
VL Vacuum lock valve. 
R Rotameter (Oel-1.0 l./min). 
c Condensation tube. 1 
T Liquid nitrogen trap 
L Sample inlet leak assembly 
GHP Gas handling plant 

seat. The inlet leak assembly is shown in Fig. 2, the leak being a l-cm length of 0.01~mm bore Veridia 
glass capillary. 

The condensation tube (Fig. 3) was constructed of glass, since preliminary work had indicated that 
materials such as stainless steel tended to adsorb atmospheric components. 

Performance of the analysis system 

The change in the impurity levels which could occur during carbon dioxide condensation was 
investigated by continuously sampling a blend of carbon dioxide containing 2 vpm each of H1, He, 
0, and Ar, and 10 vpm of NP + CO over a period of several hours whilst the carbon dioxide layer 
was building up in the condensation tube. The sample was analysed at intervals and the results 
showed that no significant change occurred in the recorded ion beams over a period of 15415 min. 
Hence, providing that the instrument is calibrated with standard gas mixtures over the desired 
impurity ranges, any permanent sorption of impurities will be automatically compensated for when 
constructing calibration curves. 

In order to check the response time of the instrument, impurities were introduced into a stream of 
high-purity carbon dioxide, one at a time, and the times taken for the ion beams to stabilize were 
noted, Table I. 

From these results it was decided to fix the miniium conditioning time for the instrument at 20 
min, so that all the impurity ion beams have stabilized before an analysis is carried out on the gas 
leaving the condensation tube. 

The precision of the method was determined by using a number of blends of carbon dioxide, 
containing all the previously mentioned impurities, prepared in gas cylinders at 500 psig, and the 
procedure described below. 
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t 
To condensation tube (Fig. I) 

tin. Edwards nut 

kin. Edwords female 
threaded union 

Modified iin. Edwards female threaded union 

$ In. Edwords 
threaded 

odified iin. Edwards female threoded union 

wards male 
eaded umon 

- 
To V, ond V, 

(Fig. I) 

tin. N B. copper tube 

in. Edwords male threaded union 

1 TO Vx (Fig. II 

FIG. 2.-Sample inlet leak assembly (exploded diagram). 

Procedure 

Connect the carbon dioxide cylinder, via a gas regulator, to V,. (If the cylinder is a siphon cylinder 
or it is required to analyse a liquid carbon dioxide sample, a vaporizer should be fitted between the gas 
regulator and the cylinder valve.) 

With V, closed, open V, and V, and evacuate the lines down to the cylinder spindle valve, then 
close Vn, open the cylinder spindle valve, and adjust the regulator to give a pressure between 10 and 20 
psig. 

With Vr, and V,, closed, open V, and V, and evacuate the connecting pipework and condensation 
tube (which should be at ambient temperature at this stage), for at least 30 min. If convenient, the 
condensation tube should be pumped overnight, as this will ensure low background figures. 

Cool the condensation tube with liquid nitrogen, then close V, and open V,. (‘l%e inlet leak 
assembly L, and tube C, are now connected to the ion source of the mass spectrometer.) 

When the peak at m/e 28 becomes constant record the instrument blank spectrum from m/e 2 to 
m/e 44. 

Close Vs, open Va and V,, (in that order) and adjust VI to give a flow of carbon dioxide, as indi- 
cated by Rotameter R, of between 05 and I.0 l./min. 

Allow at least 20 min for the ion beams to stabilize and then record the mass spectrum between 
m/e 2 and m/e 44. 

Close V,, V, and V,,, open V, and close the cylinder spindle valve. 
Calculate the analytical results by reference to calibrations obtained using standards, prepared 

dynamically,a which have been previously analysed by the procedure outlined above. 
When all analyses have been completed, or when the condensation tube C is blocked with solid 

carbon dioxide, close VL, open V,, and allow the condensation tube to reach ambient temperature 
whilst pumping all the solidified carbon dioxide away, then close V,. 
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kun. Edwards male 

threaded umons 

0.8 cm 
L 

FIG. 34ndensation tube 

TABLE I.--RE~~~NSETIMEOFTHEMLETSYSTEMANDTHEMA~~ SPECIROM- 
ETERTOIMPURl'lTESATTHE10VPMLEVEL. 

Impurity HZ He CHI Ne N, CO 0, Ar 
Response time, min 2 5 12 9 7 10 9 7 

RESULTS 

The results, Table II, were considered satisfactory. Calibration curves obtained by 
using a dynamic gas-blending rig3 were essentially linear over the range O-30 vpm for 
each of the impurities. The instrument sensitivity factors for each impurity, derived 
from these calibration curves, are given in Table III. 

It is perhaps advisable at this stage to point out that, although the apparatus used 
for the construction of the vacuum lock is not strictly “high-vacuum” equipment, and 
the instrument background is therefore higher than normal when V, is open, the gain 
in sensitivity obtained by using the analysis technique described actually reduces the 
background/signal ratio. Typical background figures of the normal system and the 
modified system are shown in Table IV, together with their significance in terms of 
vpm of impurities in a carbon dioxide sample. 

Hydrocarbon impurities 

Since most hydrocarbon impurities, other than methane, would probably be 
sorbed on to the carbon dioxide layer (at 77°K) it was decided to carry out an experi- 
ment in which the carbon dioxide was reacted with a saturated potassium hydroxide 
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TABLEII.-REPEATANALYSESOPCARBONDIOXIDEBLENDSPREPAREDINGAS 
cyLnm~iu~~ 500 psig 

- 

Hn, He, CO, CH, Ne, NI + CO, O1 Ar, 

VPM VPm VPm VPP” VP’pm uPm VPm VPm 
Blend 1 (m/e 2) (m/e 4) (m/e 12) (m/e 15) (m/e 20) (m/e 28) (m/e 32) (m/e 40) 

Range of results 
from 7.75 780 694 649 724 15.58 9.33 7.93 

to 8.08 8.20 7.53 6.93 8.00 16.08 9.63 8.17 

Number of results 9 9 9 10 10 10 10 10 

Mean 7.87 8.00 7.31 670 7.54 15.80 9.48 8.02 

Standard deviation 011 0.15 O-18 @14 0~23 O-16 009 0.08 

Theoretical values 

of blend, calculated 9 8 9 8 8 17 9 9 

from PVT measure- 
ments 

Blend 2 

Range of results 
from 3.45 3.43 3.00 2.87 2.65 6.97 3.90 3.26 

to 3.60 3.59 3.43 3.15 2.82 7.35 4.01 3.48 

Number of results 10 10 10 10 10 10 10 10 

Mean 3.52 3.51 3.18 3.01 2.72 7.20 3.95 3.37 

Standard deviation 0.06 0.06 0.16 0.09 0.07 0.14 004 0.08 
Theoretical values 

of blend, calculated 3.5 3.1 3.5 3.1 3.1 7.0 3.7 3.5 

from PVT measure- 
ments 

Blend 3 

Range of results 
from 1.09 1.09 0.95 0.96 O-87 2.43 1.34 l-05 

to 1.18 1.15 1.06 1.02 0.93 260 1.46 1.10 

Number of results 10 10 10 10 10 10 10 10 

Mean 1.13 l-11 1.02 l+o 0.90 2.53 1.39 1.07 

Standard deviation 0.03 002 o-04 0025 0023 0.06 o@4 0.018 
Theoretical values 

of blend calculated 1.2 1.1 1.2 1-l 1-l 2.8 1.4 1.2 

from PVT measure- 
ments 

Blend 4 

Range of results 
from 040 037 O-37 0.34 0.35 0.96 0.53 0.36 
to 0.43 0.41 070 0.39 040 1.01 0.58 040 

Number of results 10 10 10 10 10 10 10 10 

Mean 042 O-40 050 0*37 0.37 0.99 0.55 0.38 

Standard deviation 0009 0.014 O-13 0.015 0.017 0.020 0.018 o-01 3 
Theoretical values 

of blend calculated @5 0.4 0.5 0.4 0.4 1.2 0.6 0.4 

from PVT measure- 
ments 
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TABLE III.--INSTRUMENT SENSITIVITY FACTORS FOR IMPURITIES IN CARBON DIOXIDE 

Impurity (mjien2) (?$4) (?n:eq2) ($zIi5) ($e20) (mF28) ($%) (m/?32) (m,$O) 

Sensitivity* 
in vpm 0.137 0.269 0843 0.0315 0.0841 0.0166 0.0156 0.0215 O+lO98 
per “inch’ 

+ The amplifier on the mass spectrometer has ten sensitivity ranges and all ion beam measure- 
ments are finally converted to range-seven readings for calculation of results. The conventional 
method of measuring ion beams is to denote a full scale deflection of ten divisions on the output 
meter, when on range seven, as ten “inches”. 

TASLE IV.-TYPICAL BACKGROUND FIGURES OF THE NORMAL AND MODIFIED 

SAMPLING SYSTEMS 

mle 

Normal 
Equivalent vpm 

of impurity 
Background 

background, (using normal sampling 
with sorption 

Equivalent vpm 
of impurity (using 

tube 
system) 

modified sampling 
in. RI in. R7 system) 

2 
4 

12 
14 
15 
16 
17 
18 
19 
20 
22 
28 
32 
40 
44 

0.08 
<002 
<OS02 

0.02 
<0.02 

0.07 
1.00 
4.25 
0.01 

to.02 
to-02 

0.92 
0.43 
0.02 
O-08 

120 03s) 
(100 (He) 

- 
- 

t20 (CH3 
- 
- 
- 
- 

t60 (Ne) 
- 

64QO\Ia+CO) 
430 (0,) 
10 (Ar) 
50 (CO), 

0.16 
<@02 

0.25 
0.18 
0.02 
1.00 
7.00 

31.50 
0.22 
0.05 
0.08 
5.35 
210 
@20 
9.50 

0.02 (Ha) 
<0*005 (He) 

0.21 (CO) 

@&(CH,) 
- 
- 
- 

0404 (Ne) 

0*09& + CO) 
0.04 (0,) 
0.002 (Ar) 

- 

Calculations in this table assume that the smallest ion beam height which can be detected is @02 
inches on sensitivity range 7 (R7.J and that a normal analysis is carried out using one dose of gas. 

solution, and the residual gases, if any, were analysed mass-spectrometrically. The 
results of several tests, in which amounts ranging from 8 to 50 g of carbon dioxide 
sample were taken, indicated the presence of sub-vpm levels of C, and C3 hydrocarbons 
in the residual gases. 

Application of the method to the inspection of high-purity carbon dioxide 

The high-vacuum low-temperature separation technique has been in use for over 
12 months. It has been found that approximately six samples of carbon dioxide can 
be analysed before the condensation tube becomes blocked with solid carbon dioxide, 
but more samples could probably be handled if the dimensions of the tube were 
increased. This would, however, inevitably lead to an overall increase in response time 
of the apparatus which would tend to offset the improvement obtained due to the 
increased capacity of the condensation tube. Some typical analysis figures obtained 
for high-purity carbon dioxide are shown in Tables V and VI. 
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TABLE V.-TYFCAL ANALYSIS FIQURIFS OBTAINED PROM LIQUID CARBON DIOXIDE 
SAMPLES 

HI, upm He, vpm CI-L up Ne, upm Ns + CO, vpm 

4.1 
co.1 
<O*l 
to.1 
<O-l 
<O-l 

<O*l 
to.1 
to.1 
to.1 
to.1 
to.1 

to.1 
to.1 
<O-l 
to.1 
CO.1 
<O-l 

to.1 
<O-l 
to.1 
to.1 
to.1 
to.1 

<O*l 
<O-l 
<O*l 
<O*l 
<O*l 
<O-l 

to.1 
to.1 
to.1 
to.1 
to.1 
<O-l 

to-1 o-5 
to.1 7.6 
to.1 0.5 
to-1 11-o 
to.1 24 
to.1 

( 
13 
12 

to-1 13 
<O-l O-6 
to-1 o-4 
to.1 l-4 
<O-l 0.2 
<O*l o-1 

OS, vpm 

29; 
0.2 
2.5 

24:; 
2.6 1 
2.5 
o-2 

<O*l 
0.4 

<O.l 
co-1 

& vpm 

to.1 
to.1 
to.1 

0.2 
o-7 

0.3 

0.3 
to.1 

o-1 
<O*l 
<O*l 
to.1 

TABLE VI.-VARIATION IN IMPURITY CONTENT OF QAS, DWUNO THE LIFE OF 
THE CYLINDER* 

Run Date 
CO, taken from 

H,, vpm Np + CO, upm O,, vpm Ar, vpm cylinder, 1. 

1 2.9.65 to.1 O-3 0.1 <O*l full cylinder 
2 2.9.65 <O-l 0.5 o-2 to-1 105 
3 3.9.65 to.1 o-5 0.2 <O-l 400 
4 6.9.65 <O*l o-4 0.2 <O-l 1400 
5 7.9.65 <O*l 0.3 <O*l to-1 1650 

* These results were obtained by taking a gas phase sample of carbon dioxide 

DISCUSSION 

It has been successfully demonstrated that a high-vacuum, low-temperature, 
separation technique can be used together with a mass spectrometer (A.E.I. Model 
MSZ.G), for the analysis of high-purity carbon dioxide. The sensitivity of the method 
is several orders of magnitude better than that of the normal mass spectrometric 
methods, and the ultimate detection limits, calculated as twice the background figures 
obtained from the mass spectrometer, are better than 0.01 vpm for H,, He, CH,, Ne, 
and Ar, and better than 0.2 vpm for 0, and N, + CO. 

Further confirmation of the utility of the method was obtained from special tests 
carried out on a cylinder of high-purity carbon dioxide, using both the separation 
technique and gas chromatography, for the determination of H,, Nz + CO, 0, and 
Ar. The results are shown in Table VII. 

TABLE VII.-RESULTS OBTAINED FROM ANALYSING A SAMPLE OF HIGH-PURITY 
CARBON DIOXIDE BY VARIOUS TECHNIQUES. 

Method N, + CO, vpm 02, upm Ar, vpm HI, vpm 

M.S. (high vat. separation technique) 

G.C. (silica gel column with M.S. 
detection) 

0.8 o-2 <O.l to-1 

1.2 0.2 <0*2 <0.2 

G.C. (mol. sieve 5A column with 
helium ionization detector) 

1 (0, + Ar < 1) <l 

G.C. (silica gel column with helium 
ionization detector) 

total, approximately 1 vpm 
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There is every indication that the sensitivity could be improved still further by 
either increasing the sampling rate of carbon dioxide into the condensation tube, or by 
reducing the instrument background. This however, assumes that no problems arise 
due to impurities being permanently sorbed onto the condensed carbon dioxide at 
these low levels. The apparatus described could be used with most types of gas-source 
mass spectrometer. With suitable modification (i.e., two condensation tubes in 
parallel) the system could be arranged to work on a continuous basis and may well 
find applications in fields such as reactor cooling systems. 

It should also be possible to use this separation technique for the analysis of high- 
purity nitrous oxide, even though the vapour pressure of nitrous oxide at 77’K is 
higher than that of carbon dioxide. 

Zusannneafassnag-Eine kontinuierliche Abtrennmethode bei tiefer 
Temperatur und Hochvakuum zusamrnen mit einem Massenspek- 
trometer wurde zur Analyse von Kohlendioxid verwendet, das vpm- 
Mengen H,, He, CH,, Ne, Ng, CO, On tmd Ar enthielt. Die Methode 
beruht auf der Kondensation von Kohlendioxid an den Wanden 
eines mit fliissigem Stickstoff gekiihlten U-Rohrs aus Glas zwischen 
EinlaB und Ionenquelle. Eine Kohlendioxidprobe unter hohem Druck 
tritt also durch das EinlaBventil ein, nur die Vertmreinigungen jedoch 
passieren das U-Rohr und erreichen die Ionenquelle: damit erzielt 
man eine betrschtliche Erhiihung der Empfindlichkeit und die Stiirung 
durch Kohlendioxid wird beseitiat. Die Emnflndlichkeit der Methode 
ist urn mehrere Grol3enordnungeG besser als ‘die der normalen massen- 
spektrometrischen Methode. 

R&n&--On a utilise une technique de separation en continu, sous 
vide &eve, a basse temperature, en relation avec un spectrometre de 
masse pour l’analyse de gaz carbonique contenant, en volume, des 
parties par million de Hg, He, CH4, Ne, N,, CO, 0, et Ar. La methode 
repose sur la condensation du gaz carbonique sur les parois d’un tube 
de verre en U, refroidi dans l’azote liquide, monte entre une arrivee et 
la source ionique. Un echantillon de gaz carbonique sous haute 
pression penetre ainsi par I’orifice #entree mais seules les impuretes 
traversent le tube en U et atteignent la source ionique, avec pour 
consequences un gain considerable en sensibilite et la suppression de 
l’interference due au gaz carbonique. La sensibilite de la methode est 
meilleure de plusieurs ordres de grandeur que la methode de spectrom- 
Btrie de masse normale. 
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Summary-Coulometric titrations of mineral acids, sulphonic acids, 
carboxylic acids, enols, imides and phenols have been carried out in 
t-butanol or in acetone with electrically generated tetrabutylammonium 
hydroxide. Either a potentiometric titration or a visual indicator 
end-point may be used. The amount of acid titrated ranges from 10 to 
60 pequiv, and the precision and accuracy of the method are excellent. 

IN RECENT years methods have been developed for the titration of acidic organic 
compounds in non-aqueous solvents such as pyridine,l acetone2 and t-butanoLs A 
quaternary ammonium hydroxide or alkoxide titrant is better than a lithium, sodium 
or potassium salt because a quaternary ammonium salt formed in the titration is 
more likely to be soluble. In addition, an alkali metal salt may prevent the use of the 
glass electrode as a dependable indicator electrode in some solvents. 

A disadvantage of quaternary ammonium hydroxide titrant is the difficulty of 
preparing it free from impurities. Carbonate and tertiary amines from the Hofmann 
degradation of the quaternary ammonium hydroxide are difficult to avoid. Marple 
and Fritz? showed how to remove these impurities from solutions of tetrabutyl- 
ammonium hydroxide, but the process is rather long and involved. 

In principle, coulometric titration of acids should avoid these difficulties. Coulo- 
metric titration is especially useful for titration of very small amounts of acids. For 
weak acids, a coulometric titration should be performed in a non-aqueous solvent 
containing very little water. Crisler and Conlons titrated acids coulometrically in a 
benzene-methanol solution with lithium chloride as electrolyte. Johansson6 generated 
bases electrolytically and successfully titrated acids in isopropanol and in a mixture 
of isopropanol and ethyl methyl ketone. Streuli et a/.’ showed that acids may be 
titrated coulometrically in acetone with a quaternary ammonium halide as the electro- 
lyte for generation of the base. Williams and his students8 generated quaternary 
ammonium hydroxide titrant coulometrically for the titration of acids in a benzene- 
methanol mixture and in t-butanol. 

Although successful to a degree, the methods cited have been limited in scope. The 
weakest type of acid titrated successfully has been carboxylic, and the accuracy has 

Work was performed in the Ames Laboratory of the U.S. Atomic Energy Commission. Con- 
tribution No. 2250. 

* Present Address: Eli Lilly and Company, Indianapolis, Indiana. 
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been limited to approximately f l-4 %. In the present work a wide variety of acidic 
compounds has been titrated coulometrically in t-butanol and acetone. Substances 
determined include phenol and other very weak acids. The precision and accuracy for 
the titration of 10-60 pequiv is excellent. The end-point of the titration may be detec- 
ted either by use of a visual indicator or potentiometrically. 

DEVELOPMENT OF THE METHOD 

The conditions for the successful titration of a weak acid in non-aqueous media 
may be summarized as follows. The solvent used should not have acidic properties 
and should be nearly anhydrous, as the presence of water causes less sharp end-points 
for weak acids. A quaternary ammonium hydroxide titrant, rather than an alkali 
metal titrant, should be used and must be essentially free from basic impurities such 
as carbonate and aliphatic amines. Potentiometric titrations may be performed by 
using a glass and a calomel electrode. For routine titrations the use of avisual indicator 
is advantageous. 

In the coulometric titration technique developed the following system is used. 
Cathode compartment. A platinum electrode of large area is used. The cathode 

compartment is filled with 0.1M tetrabutylammonium bromide in t-butanol. Since 
the t-butanol contains approximately 0.2 % water (Karl Fischer titration), the probable 
electrode reaction is 

I-I,0 + e- + OH- + !$-I,(g) 

Anode compartment. A platinum electrode is used because difficulty was en- 
countered with the silver halide coating that forms on a silver electrode. The com- 
partment is filled with O*lM tetramethylammonium bromide in methanol, which has 
a lower electrical resistance than t-butanol. The electrode reaction is 

Br -+ fBr, + e- 

Compartment divider. An anion-exchange membrane is used to separate the anode 
and cathode compartments. (In some cases a cation-exchange membrane was placed 
behind the anion-exchange membrane on the anode side, but this appears to be 
unnecessary.) The membrane used offers lower electrical resistance than does a glass 
frit. Also, hydrostatic pressure does not force the anode liquid through the anion- 
exchange membrane as it does with a glass frit. 

Indicator titrations. The titration cell is a plastic box consisting of two square 
compartments side by side, separated by an anion-exchange membrane (Fig. 1). 
Each compartment contains approximately 15 ml of electrolyte solution. A suitable 
indicator for the titration of a particular acid is selected from the published transition 
ranges in t-butanoP after a potentiometric titration has been done to ascertain the 
end-point potential for the acid being titrated. 

Potentiometric titrations. The titration cell used is shown in Fig. 2. The non- 
aqueous salt bridge to the calomel reference electrode is of a type used by Marple and 
Fritz4 and gives a reproducible reference potential. A general-purpose glass indicator 
electrode is used. A combination glass-calomel electrode is convenient when the 
absolute values of the potentials are not important. 
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ANODE 

ET 

ION’ EXCHANGE 

MEMBRANE(s) 

FIG. l.-Coulometric titration assembly for indicator end-points in t-butanol. 

TO REFERENCE 

CATHODE- 
.CATHODE 

ANION EXCHANGE 
MEMBRANE 

ELECTRODE ILASS 
ELECTRODE 

FIG. 2.-Coulometric titration assembly for potentiometric end-points in t-butanol. 

Apparatus 

EXPERIMENTAL 

Current supply. Constant current for the generation of basic titrant was supplied by a Sargent 
Model IV Coulometric Current Source. 

Generating electrodes. Two sheet platinum electrodes served as generating electrodes (anode and 
cathode) for all titrations. For potentiometric end-points the cathode was 19.3 cm* in area, and the 
anode 16.6 cm*. 
platinum sheets. 

Contact with the current source was made through platinum wires spot-welded to the 

in sire. 
When indicator end-points were used both generating electrodes were about 4 cm* 
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Measuring electrode system. Solution potentials were measured with a Corning Model 12 pH 
Meter and the glass-modified calomel electrode system developed by Marple and Fritz4 

Titration cells. The potentiometric titration cell for the generation of base is shown in Fig. 2, and 
is just a small scale replica of the titration cell recommended by Marple and Fritz.* Only half of the 
assembly is shown in the figure. The cathode compartment was made of glass tubing 8 cm long and 
3 cm in internal diameter. The anode compartment was made of Plexiglas tubing 10 cm long and 
9-S mm in internal diameter, with a disc of anion-exchange membrane fixed to one end with epoxy 
glue or Eastman No. 910 adhesive. The Eastman adhesive had the advantage of being readily usable 
and quick-drying. 

Figure 1 shows the cell design that was used for coulometric titrations with indicator end-points. 
The cell was made of &in. thick Plexiglas having all sides cemented by use of ethylene dichloride. The 
cell consisted of two halves of a rectangular box which were clamped together by threaded rods and 
wing nuts. The membr~cs and plastic, if used, were placed between these halves, thus forming the 
anode and cathode compartments with internal dimensions 1 x 1 x 2 in. The cell was made leak- 
proof by placing rubber cement in the cracks between the two halves (sides and bottom) after clamping 
them together. A Plexiglas cover was made and used on the box to reduce atmospheric effects on the 
test solutions. 

Zen-exchange membranes. The cation-exchange membrane Nepton 61AZL065 and the anion- 
exchange membrane Nepton I1 lBZL065, were obtained from Ionics, Inc., Cambridge, Mass. The 
selective cation~xchange membrane was comprised of sulphoMted co-polymers of vinyl compounds. 
The selective anion-exchange membrane was comprised of co-polymers of vinyl compounds con- 
taining quaternary ammonium groups and tertiary amine groups. Both types of membrane were 
homogeneous films cast in sheet form on a synthetic cloth backing. 

Reagents 

Reagent grade t-butanol was puritied by fractional distillation. Reagent grade tetramethyl- 
~monium bromide and polarographic grade tetrabutylammonium bromide were used. Solutions 
of acid samples in t-butanol were prepared such that a 230 ml aliquot could be used for titration. 
Dilute solutions of the various indicators were prepared. A O.lM solution of tetrabutylammonium 
bromide in t-butanol was used as the supporting electrolyte. 

Procedure A (visual indicator) 

Add IO-15 ml of O-L@ tetrabutyl~monium bromide in t-butanol and several drops of the 
appropriate indicator to the cathode compartment. Add an equal volume of O*lM tetrame~yl- 
ammonium bromide in methanol to the anode compartment. Set the cell cover and generating 
electrodes in place and bubble a slow stream of nitrogen through the cathode solution to purge it of 
dissolved carbon dioxide. With a slow stream of nitrogen passing over the cathode solution and with 
the magnetic stirrer on, generate titrant at the 0.005 setting (~5 mA), 0.01 setting or, 0.02 setting 
until the indicator changes colour. Then add the sample and titrate it to the same colour change 
using the same setting to generate the titrant base. Calculate the amount of acid present from the 
number of coulombs passed, after subtracting the blank. 

Procedure Z? (potentiometric titration) 

Use the titration cell shown in Fig. 2, with a glass indicator electrode and a calomel reference 
electrode with a salt-bridge of the type previously described. 4 If reproducible potentials are not 
important, a combination glass-calomel electrode may be used instead. Place in the cathode com- 
partment approximately IO-15 ml of O.lM tetrabutylammonium bromide in t-butanol and purge 
with nitrogen. Add approximately 5 ml of @l&f tetramethylammonium bromide in methanol to the 
anode compartment. With a slow stream of nitrogen passing over the cell solution and with magnetic 
stirring, generate the base in several increments at the O-005 setting (~5 mA). After each increment, 
measure and record the potential of the glass-calomel pair. Continue this process somewhat beyond 
the blank end point so that a blank titration curve may be constructed. Add the sample, switch to the 
0.02 setting (~20 mA), and repeat the incremental generation of base until the acid is titrated and 
data for construction of a potentiometric titration curve are available. Determine the difference 
between the acid and blank titrations. 

RESULTS 

To test the current efficiency a large number of samples of primary standard 
benzoic acid were titrated in t-butanol, 2,4-dinitro di’phenylamine being used as visual 
indicator. Results for 20-60 pequiv samples showed a current efficiency of 
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100~0 f 0.5%. Therefore, it was assumed that 100-O% current efficiency could be 
attained in all subsequent titrations. 

Results for some 354 titrations of different acids, with visual indicators, are sum- 
marized in Table I. The precision and accuracy are extremely good, especially for 
l-10 mg samples. A gas chromatogram showed that the sample of 2,4-pentanedione 
contained some impurities. It will be noted that the coulometric method is applicable 
to the titration of many types of acids including weakly acidic phenols. To obtain 
results of the precision and accuracy reported, attention must be paid to careful 
measurement of the titration blank due to impurities in the solvent and reagents. 

Potentiometric titration curves for some typical weak acids are shown in Fig. 3. 
It was found not to be possible to record titration curves while the titrant is being 
generated, so titration curves have to be plotted manually by generating an increment 
of titrant and then shutting off the coulometer while the potential is measured. In 
Fig. 4 curves for the titration of toluenesulphonic and benzoic acids are shown, and 
in Fig. 5 titration curves for some diprotic acids are illustrated. Results for quantita- 
tive potentiometric titrations in t-butanol are given in Table II. 

For the accurate titration of strong acids such as those in Fig. 5, it is necessary 
to use very pure tetrabutylammonium bromide, to purify the solvent used and 
to subtract the blank which remains despite these precautions. The curves in 
Fig. 6 show that the solvent blank may be reduced appreciably by double distillation 
of the t-butanol. Purification also largely avoids the buffering effect of weak acid 
impurities on the titration of strong acids such as sulphuric or aromatic sulphonic acids. 

The coulometric method outlined above gives excellent results for the titration of a 
variety of acidic compounds either potentiometrically or with visual indicators. The 
titrant generated electrically is of excellent purity, and the tedious preparation of pure 
quaternary ammonium hydroxide titrant by chemical means is obviated. However, a 
limitation of the coulometric method is that low current densities must be employed. 
With the titration cells described, the maximum current for precise results is approxi- 
mately 20 mA. With a current much higher, the cell resistance increases and the current 
efficiency is lowered. The crux of the problem seems to be the difficulty in trans- 
porting ions at a sufficiently fast rate through an ion-exchange membrane or glass frit. 

COULOMETRIC TITRATIONS IN ACETONE 

Apparatus 

The cell for potentiometric titrations in acetone solution differed somewhat from the cell already 
described. The glass cathode compartment was 8 cm high and 3 cm in internal diameter, and the 
anode compartment was a piece of glass tubing 10 cm long and 10.5 mm in internal diameter with an 
ultratine-porosity glass fritted disc on one end. The measuring electrode system was a slender- 
bodied combination glasscalomel electrode with the aqueous saturated potassium chloride solution 
replaced by a saturated solution of potassium chloride in methanol. The generating electrode 
system remained the same. 

Reagents 

A spectrographic grade of acetone was obtained from Eastman Organic Chemicals and used in 
this studv without further drvine or vuriflcation. The acetone contained 0.35% water WV). The , ,Y I 

electrolyte solution for the cathode compartment was O.lMpolarographic grade tktrabutylankonium 
bromide in spectrographic grade acetone. Tetramethylammonium bromide in methanol served as 
electrolyte solution in the anode compartment. 

Procedure 

As previously described for potentiometric titrations in t-butanol. 
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I I I I I I I I 
I. ACETOACETANILIDE 
2 SUCClNfMlDE 
3 DlWNZOYLMETHAt+E _ 
4 IrHENOL. 

-6OO- 

-700 - 

-800 ’ ’ ’ ’ ’ ’ ’ ’ J 
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BASE GENERATED blICROEQUIVALENTS) 

FIG. 3.-Titration of enols, imides, and phenois 
in t-butanol with el~rol~ically generated titrant. 
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Fro. 4.-Differentiating titration of henzoic acid and p-toluenesulphonic acid 
in t-butanol with electrolytically generated titrant. 
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Era. K-Titration of dibasic acids in t-butanol with electrolytically generated titrant. 

Because acetone has a much higher dielectric constant than t-butanol, the electrical 
resistance of solutes in acetone is much lower. This makes it possible to use a glass 
frit, rather than an anion-exchange membrane, to separate the anode and cathode 
compartments. (Also, acetone tends to dissolve the binder in ion-exchange mem- 
branes.) 

TABLEII.--COUL%XTRIC TITRATIONS OF ACIDS IN GBUTANOL WITH POTENTIOMETXXC 

Em-POINTS 

Compound titrated 
No. of 
samples 

Taken, 
pequiv 

Found, 
pequiv 

Recovery, 
% 

Benzoic acid 

Phenol 

Acetoacetanilide 

Dibenzoylmethane 

p-ToluenesuIphonic acid 

Sulphuric acid (1st end-point) 

Sulphuric acid (2nd end-point) 

Oxalic acid (1st end-point) 

Oxalic acid (2nd end-point) 

20.21 20-24 lOO*l 

20.08 20.26 100.9 

20.03 20.14 1005 

20.02 20.34 101.6 

20.11 20.07 99.8 

20.70 20.70 100.0 

50.18 50-21 100.1 

19.25 19.20 99.7 

40.09 40.03 99.9 



Coulometric titration of acids in non-aqueous solvents 947 

100 I I I I I 

I =UNDISTiLLED SOLVENT 
2’SINGLE DISTILLED 
3=DOUBLE DISTILLED 

0 04 00 12 I .6 2 .o 

BASE GENERATED (MICROEOUIVALENTS~ 

Fro. 6.-Titration of t-butanol solvent blanks with electrolytically generated titrant. 

I 5.5-OIMETHYL-1.3~CYCLOHEXANEOIONE 

- 200 
2. ACETOACETANILIOE 
3 OIBENZOYLMETHANE 

0 8 16 24 32 -Boo0 4 I 8 I 12 I 16 I 20 I 24 I 28 I 32 I 36 

BASE GENERATED (MICROEQUIVALENTS) BASE GENERATEDDMICROEQUIVALENlS) 

FIG. 7.-Titration of enols in acetone with electro- FIG. S.-Titration of imides in acetone with 
lytically generated titrant. electrolytically generated titrant. 
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TABLE III.--COULOMETRIC TITRATIONS OF ACIDS, WITH POTFNTIOMETRIC END-POINTS 

Compound titrated 
No. of Taken, Found, Recovery, 
samples pequiv pequiv % 

Benzoic acid 
Benzoic acid 
Benzoic acid 
Benzoic acid 
Acetoacetanilide 
Acetoacetanilide 
Acetoacetanilide 
Acetoacetanilide 
Acetoacetanilide 
5,5-Dimethyl-1,3-cycle- 

hexanedione 
Dibenzoylmethane 
Succinimide 
Phenol 
2,4-Dinitrophenol 
S-Dinhenvlthiourea 

p-To&tene&.tlphonic acid 
p-Toluenesulphonic acid 
p-Toluenesulphonic acid 
p-Toluenesulphonic acid 

3 10.06 10.16 
3 20.11 20.08 
3 30.17 3094 
4 60.89 
3 
3 
4 
5 
3 
4 

3 
2 
1 
2 
2 
3 
3 
3 
3 

10.11 
20.21 
30.32 
40.42 
60.16 
20.16 

20.07 
20.26 
21.13 
20.20 
2011 
10.37 
20.73 
31.10 
60.66 

60.81 
IO*08 
20.32 
30.36 
40.28 
59.81 
19.55 

101.0 
99.9 

102.6 
99.9 
99.7 

100.5 
100.1 
99.7 
99.4 
97.0 

20.17 100.5 
20.53 101.3 
21.15 loo*1 
20.20 lOO*O 
20.13 100.1 
10.34 99.7 
20.76 100.1 
31.39 
60.59 

loo*9 
99.9 

Electrolyte: O.lM tetrabutylammonium bromide in acetone. 

Titration curves for some weak acids in acetone are shown in Figs. 7 and 8. 
Results for quantitative coulometric titrations in acetone are given in Table III. It 
may be concluded that coulometric titrations in acetone by the system proposed are 
quite successful. However, t-butanol seems better suited to the titration of mixtures 
of acids, and gives a lower solvent blank than acetone does. 

Zusannnenfassnng-Mineralsluren, Sulfonsauren, Carbonsiiuren, En- 
ole, Imide und Phenole wurden in t-Butanol oder Aceton mit elektrisch 
erzeugtem Tetrabutylammoniumhydroxid coulometrisch titriert. Man 
kann den Endpunkt potentiometrisch oder visuell mit einem Indikator 
bestimmen. Die titrierte S&rremenge reicht von 10 bis 60 r&q, Ge- 
nauigkeit und Richtigkeit der Methode sind ausgezeichnet. 

R&n&-Gn a men6 des titrages coulometriques d’acides mineraux, 
acides sulfoniques, acides carboxyliques, enols, imides et phenols en 
t-butanol ou en acetone au moyen d’hydroxyde de tetrabutylammonium 
produit electriquement. On peut utiliser soit un titrage potentio- 
metrique, soit un indicateur visuel pour le point de fin de dosage. 
La quantite d’acide tit& se situe entre 10 et 60 ,U Bquiv., et la precision 
et la justesse de la methode sont excellentes. 
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Summary_--A comparative study has been made of the complexation 
of uranium(W) by 2-(2-thiazolyl)-4_methoxyphenol (TAMH) and 
2-(2-thiazolylazo)-5-methoxyphenol (TAMR). The complexes are less 
stable and have lower molar absorptivities than the PAR and TAR 
complexes but are still useful for determination of uranium. The 
TAMH chelate can be extracted into isobutyl methyl ketone. Both 
complexes are 1: 1 metal: ligand. For the TAMH complex log B1 = 
8.8, E = 1.4 x lop at 610mp; for the TAMR complex log& = 8.1, 
E = 2.0 x 10” at 530 rnp. 

THE o-substituted N-heterocyclic azo dyes are highly sensitive reagents for uranium 
and fairly suitable for its detection and spectrophotometric determination, as was 
shown earlier for I-(2-pyridylazo)-2-naphthol (PAN),les 4-(2-pyridylazo)resorcinol 
(PAR) ,10-14 7-(2-pyridylazo)-8-hydroxyquinoline,15 4-(2-thiazolylazo)resorcinol 

(TAR)ls,17 and 2-(2-thiazolylazo)-5-dimethylaminophenol,1*Js 2-(2&iazolylazo)-5- 
diethylaminophenol .z6 On the other hand the tendency of uranium to form only 1: 1 
complexes, observed for PAR and TAR in aqueous solution, is of particular interest 
and proves the strictly terdentate function of these azo dyes in reaction with uranyl 
ions, as well as the tendency of the uranyl ion in solution to keep the co-ordination 
number four. 

2-(2-Thiazolylazo)-Smethoxyphenol (TAMR) and 2-(2-thiazolylazo)4methoxy- 
phenol (TAMH) have been shown to be suitable metal indicators for a number of 
ions,20 and have the advantages of a simpler dissociation scheme and a large colour 
contrast between the reagent and the metal chelates. In this paper the reaction of 
uranyl ion with TAMR and TAHM is therefore described. In spite of the lower 
molar absorptivity and stability of their uranyl chelates, compared with those of 
PAR or TAR, these reagents are suitable for the spectrophotometric determination 
of uranium in slightly acid aqueous ethanol. The uranyl-TAMH chelate can be 
extracted into isobutyl methyl ketone from almost neutral aqueous nitrate solutions. 
Unfortunately the well-proved mixture12 of 5-sulphosalicylic acid, fluoride and 
CDTA to screen interfering metal ions cannot be used and uranium has firstly to be 
separated. 

EXPERIMENTAL 

Reagents 
Uranyl nitrate stock solutions in 1M perchloric acid or 05M nitric acid were standardized by 

titration with dichromate or gravimetrically with oxine. 
2-(2-Thiazolylazo)-5-methoxyphenol (TAMR) and 2-(2-thiazolylazo)4methoxyphenol (TAMH) 

* On leave of absence from the Department of Analytical Chemistry, M. V. Lomonosov Uni- 
versity, Moscow, U.S.S.R. 
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(Institute of Pure Chemicals, Iachema, Brno) were checked for nuritv bv dichromate titration, 
elemental analysis and descending paper chromatography .*O TAMRusually contains small amounts 
of TAR. The dves were first dissolved in l-2 ml of dimethvlformamide (DMF) and the solutions 
diluted with wat’er so that the DMF contents were not hug& than 1% v/v. Sohttions in dimethyl- 
formamide and 96% ethanol were also used. 

Constant ionic strength p = 0.1 was maintained during studies of equilibria, by addition of 
sodium perchlorate or potassium nitrate. Cetylpyridinium bromide (lo-*M) was used only in the 
absence of perchlorate ions. Polyvinyl alcohol, 12% acetylated, was used in fresh 1% w/v solutions 
filtered through a black-band paper; no Tyndall effect was observed if the solution was diluted 
to 0.4 % w/v. The pH was adjusted with dilute ammonia or perchloric or nitric acids and measured 
on a Radiometer pH meter (PHM 3k) to 0.02 pH unit. The pH values for 30 % v/v ethanol or di- 
methylformamide media were not corrected. 

Buffers, used only for the determination of uranium, were: 1M pyridinium nitrate-81.3 ml of 
redistilled pyridine mixed with 46 or 30 ml of concentrated nitric acid and diluted to 1 1. (pH 4.94 
or 5.36 in water); 1M acetate-acetic acid-136 g of sodium acetate and 60 ml of glacial acetic acid 
were dissolved and diluted to 2 1. (pH 4.62 in water); 0.5M tris(hydroxymethyl)aminomethane-nitric 
acid-1514 g of “tris” and 116.5 ml of 1M nitric acid diluted to 250 ml (pH 6.95). 

Methods 
Graphical and numerical interpretations of pH-absorbance curves for various conditions were 

carried out,1*,*6+-*S and the method of continuous variation*4 and Asmus’s in two-phase system 
method*6 were also used. 

RESULTS 

Acid-base equilibria of TAMH and TAMR 

The K,,-values for the proton of the hydroxy group ortho to the azo group were 
calculated from absorbance-pH plots for aqueous and 30% v/v ethanolic media by 
means of C,/A =f[H] transformations, logarithmic plots,20 or the inflexion points 
of well-defined symmetric pH plots (Cn = analytical concentration of reagent; 
A = absorbance). 

For TAMH (510-560 m,u), pKa2 was 8.12 & 0.05 (7 values) in water (,u = 0.1) 
and 8.45 in 30% v/v ethanol (,D = O-1). 

For TAMR, pK,, was 7.08 f 0.04 (9 values) in water (,u = O-1); 410-500 mp) 
and 7.63 f 0.03 (3 values) in 30% v/v ethanol (,u = 0.1; 500-530 mp). 

The value of pK,, for TAMR differs from the earlier value (6.70) found in 0.5% 
v/v methanol, 2o because of the presence of small amounts of TAR in the earlier 
sample. 

Absorption curves of the uranyl complexes of TAMH and TAMR 

An absorbance maximum at 610-615 m,u was found for TAMH solutions con- 
taining various excesses of uranyl ion, in the pH range 2.2-3.5 (Fig. 1). The two 
maxima for TAMH (at 370 and 460 m,u) change to a broad inflexion at 390420 m,u 
and there is an isosbestic point at 515 rnpu; the ligand absorption maximum at 370 rnp 
is largely retained, however. The large colour contrast between the reagent and the 
chelate is evident, a new maximum appearing at about 610 rnp for the chelate. This 
maximum does not shift when equimolar solutions or excesses of reagent are used at 
pH < 4, even in 30% v/v ethanol. At pH 5.0, with solutions containing 30% v/v 
ethanol and various ratios of metal ion and ligand, il,,, is 617-625 rnp and a new 
peak appears at about 650 rnp (Fig. 2). The nearly isosbestic point at 521 rnp proves 
that there is a simple complexation equilibrium and that only one complex is formed 
with TAMH under the various conditions. Partial hydrolysis of the complex at this 
pH influenced the curves when metal ion was present in excess. 

The chelate extracted into isobutyl methyl ketone from solutions containing 
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370 410 450 490 530 570 610 650 690 

x 

FIG. 1 .-Absorption curves for TAMH solutions containing UOSa+ excess. 
C, = lo-*M; CB = 5 x lo-‘M; pH: l-2-17; 2-252; 

3-264; 4-2.86; S-3.08; 6-3.28; 7-3.50. 

I I 

1% 

SOL- 1 

I 

455 530 625 

x 

FIG. 2.-Transmittance curves for TAMH solutions containing various UO%‘+ concen- 
trations at pH 5.02 in 30% v/v ethanol. 

CR = 1.33 x 10-4M; CPB = lo-“M; O+cm cell. 
CN: I-O; 2-1.33 x 10-6M; 3-2.67 x lO+M; 4-5.33 x lo-‘M; 

5-9.34 x 10-6M; 6-1.33 x lo-‘M, 72.67 x lo-*M. 
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x 

FIG. 3.-Absorption curves for TAMR solutions containing UO,*+ excess. 
CM = IO-SM; ca = 5 x lo-‘M; pH: I-2.20; 2-2.33; 3-2.47; 

4-2.63; S-2.79; 6-2.92; 7-3.26; 8-352. 

nitrate and l&and excess (C,/C, = 18) has a broad absorption maximum at 600 rnp. 
Isoamyl alcohol solutions of the chelate (extracted from solutions with metal ion 
excess) retain the @and maximum at 390 rnp but the chelate maximum is at 620 rnp 
for pH < 4.6. 

The TAMR chelate has R maX 530 rnp in solutions containing metal ion excess, 
but the &and maximum has considerable intensity even at pH > 3.5 (Fig. 3). The 
maximum remains at 540 m,u for solutions with 30% v/v ethanol or dimethylforma- 
mide in the presence of a lo-fold ligand excess. The formation of only one uranyl 
chelate with TAMR is indicated at pH 5-O for varied metal ion concentration in 
30% v/v ethanol (Fig. 4). The maximum and isosbestic point stay at 537-540 and 
480 rnp respectively. Cetylpyridinium bromide has only negligible effect on the 
absorption maximum at higher pH values and in the presence of ligand excess. 

Absorbance-pH plots 

The complexation of uranyl ion with TAMH occurs from pH 1.5 in 30% v/v 
ethanol solutions containing metal ion excess, becoming maximal at pH > 4, but 
some chelate hydrolysis was observed for equimolar solutions above this pH (Fig. 5). 

The pH-absorbance plots were analysed by means of the transformations deduced 
and discussed earlier,21-28 which are rather simple if a 1: 1 complex is formed. 
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x 
FIG. 4.-Transmittsnce curves for TAMR solutions containing various UO,*+ concen- 

trations at pH 4.92 in 30% v/v ethanol. 
C, = 6.00 x 10-6M, CPB = lo-‘M. 
Cy: I-O; 2-3.0 x lo-‘M, 3-6.0 x 10-aM, 4-1.2 x W6M; 
S-2.0 x 10-5M, 6-6.0 x lO-‘W, 7-1.2 x lO-‘m 8-2.4 x lo-‘= 

g-6.0 x 10-W. 

06 

PH 

FIG. 5.-pH-Absorbance plots for TAMH solutions with various UO,*+ concentrations. 
CB = 9.95 x 1O-6M, 30% v/v ethanol; il = 610 w; p = 0.1. 
Car: l-984 x 1O-6M, 2-3.98 x lo-‘M; 3-g-94 x IO-‘M; 

4-2.49 x lo-*M, S--4*97 x lo-‘M, 6-O. 
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For solutions containing excess of metal ion: 

Cn -= 
A 

1% 
A 

slCn - A 
=xpH+logC,+logk, (3) 

where s1 and kI are the molar absorptivity and the stability 
For equimolar solutions : 

constant of the complex. 

(4) 

A 

log (E& - A)2 
= x pH + log k, - log &r. 

The absorbance of the dye can be neglected at the concentrations used, and so 
can the protonation of the ligand at pH < 2.8 (p& = -0.03). 

The straight-line plots obtained for transformations (l), (2) (Fig. 6) and (4) for 
x = 1 prove there is the simple equilibrium 

UOze+ + HR $ UOBR+ + Hf (A) 

The molar absorptivity values .sr or A o1 = qCR calculated from the intercepts 
on the ordinate were substituted in the related logarithmic plots (3) and (5) which 
confirm the number of protons liberated during complexation and were used for the 
calculation of stability constants. According to (l), (2) and (4) e1 is (1.3-l-4) x 104 
for the TAMH-UO, chelate at 610 rnp. 

The analogous TAMR chelate is formed above pH 2 and the pH-absorbance 
plots (Fig. 7) were partly influenced by the protonation of the ligand (p&r = O-98) 
at pH 25, and by partial hydrolysis of the chelate at pH > 4. 

The necessary transformations are as follows, if two light-absorbing forms of the 
ligand, H,R+ and HR, are simultaneously present and only HR reacts to form 
the 1: 1 chelate. 

For excess of metal ion in solution: 

A = EICR _ {At1 + WI/-L) - &Gt}Wl 
Cd% 

log (1 + WI/-&J - ac, 
e&n - A 

=xpH+logCn+logk, 

(6) 

(7) 

(8) 

(9) 
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I 2 3 
X 

I 1 I 
2 4 6 8 IO 

FIG. 6.--Graphical analysis of pH-absorbance plots, by equation (2), for TAMH 
system. 

Ca = 9.95 x 10-&M; Cy/Cs: 24; 2-10; 3-25; 4-50; x = Am] x IP. 

PH 
FIG. 7.-pH-Absorbance plots for TAMR solutions with various UO,*+ concentrations, 

at 530 rnp 01 = 0.1, 30% v/v ethanol). 
c, = 9.95 x lo-5M; caa: I-O; 2-9.95 x lo-KM; 3-9.94 x lo-4M; 

4-2.49 x lo-vu. 
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where & = snl[H]/& + &n2 and &RI and cR2 are the molar absorptivities of the 
reagent species. 

For equimolar solutions and only HR considered, 

CR 1 + ~FWf - &RCR) % - &R -=- 
A El A&l kl 

A - ERCR 

log (&JR - A)2 
= x pH + log kI - log (Q - Ed). (11) 

ERCR and &CR are read directly from the pa-absorbance curves for the reagent 
alone, at the same concentration. 

For the TAMR chelate the molar absorptivities e1 or A,, = E~CR calculated from 
the intercepts of the graphical plots of (6), (7) and (8) are smaller for 1= 530 rnp 
than those calculated for solutions with ligand excess, i.e., e1 = (1.3-l-4) x 104. 
This does not arise from a further uranyl chelate with TAMR but rather from the 
partial hydrolysis of the chelate in solutions containing metal ion in excess. 

The equilibrium (A) is again proved (one proton liberated during complexation). 
However, the divergence of points in the acid region (cf: Fig. 8), which is smaller 
if the absorbance term is not corrected for the protonated reagent [equation (6)], 
is rather evidence that both forms of the reagent, i.e., HR and H,R+, react simul- 
taneously and the equilibrium (B) is also valid: 

UO,w + H,R+ + UO,R+ + 2H+ (R) 
Continuous variations 

A maximum for a 1: 1 ratio of M : R results on the Job curves for solutions of 
TAMR with Ctotal = 1-O x lOAM at pH 5.9 (borate buffer) and 53&550 rnp, and 
for the TAMH chelate at pH 6.95 (borate buffer) and 620-640 rnp. This is also true 
for solutions containing 40% v/v dimethylformamide The borate buffer is without 
influence on the position of the maximum. The same results were obtained for the 
TAMH chelate at pH 4.95 (pyridine buffer) in 30% v/v ethanol. 

Equilibrium and stability constants 

Equilibrium constants were calculated from graphical logarithmic plots, (3) and 
(5), for zero value of the left-hand side: 

log k, = -log C, - pH (12) 

log k, = -pH + log (Q - an) (13) 

The stability constant KI is obtained from KI = k,/I&,, where k, = [MR][H]/ 
[M][HR] and Kr = [MR]/[M][R]. 

TABLE I.-CONSTANTS FOR IJRAN~L-CHELATES 

TAMH TAMR 

0.4* 0.3t 0.4t 09 0*4,t 0.4t 
8.8, 8.76 8.1, 8.0, 

* Equation (13). 
t Equation (12). 
Valid for p = O-1 and 30% v/v ethanol. 
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! 
I 2 3 

X 

FIG. 8.-Graphical analysis of TAMR system pH-absorbance plots, by equation (8). 
C, = 9.95 x 10-6M; Car/&: 1-25 [x = (Aa - &J[H] x lo”]; 
2-25 [x = (A - A&H] x lP]; 3-10 [x = (Aa - A,&-%] X l(r]; 
4-10 [x = (A - &)[H] x IO*]. a = 1 + [HI/&,, 

DETERMINATION OF URANIUM WITH TAMR 

Although the uranium-TAMR chelate is formed over a broad pH range, it and the 
ligand partially precipitate even from solutions as dilute as 2 x lVM, but especially 
if an excess of reagent is present and the pH is >4, and the chelate and ligand are 
adsorbed on glass or polyethylene surfaces. Hence a 30% v/v ethanol medium was 
used and a protective colloid added. Gelatine was without effect but polyvinyl 
alcohol (0.2% w/v) and cetylpyridinium bromide (10-9M) were suitable at pH 5-2-5-4 
and did not appear to interact with the reagent at pH t7. The absorbance is maximal 
at pH 5-O-52,1= 530 rnp, ,u -+ 0, for solutions with C,/C, > 8, or at pH 4-5-5-0 
if cetylpyridinium bromide is used. The reagent itself absorbs strongly for pH ~2.5 
or >5*5 as a result of protonation and dissociation respectively. 

The colour is fully developed in 5-10 min, at pH 4.5-5.2, and is stable for at 
least 6 hr. At pH 5.6 maximum absorbance at 530-560 m,u was reached if the reagent 
excess was 5-fold and 2O-3Oo/o v/v ethanol and O-2 w/v polyvinyl alcohol were 
present, but at least an 8-fold excess of reagent was used for determinations. 

Acetate, even at 10-2M concentration, considerably decreases the absorbance 
of the solutions at pH 4-5, but pyridine buffers to O.lM (pH 46-5-O) do not. With 
0.1M pyridine buffer, pH 4-8-5.0, the maximal absorbance at 530-550 rnp was 
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reached in the presence of lo-fold reagent excess and 5 x 104M cetylpyridinium 
bromide if the solutions contained either ethanol or dimethylformamide in 30% v/v 
concentration. 

Beer’s law is obeyed for 0*5-9.5 ppm of uranium, at 530-550 m,u and pH 4*25- 
5.00, with a solution containing (08-3.2) x 10-4M reagent, 30% v/v ethanol and 
(5-10) x 10e4M cetylpyridinium bromide, and for solutions containing O*lM 
pyridine, 2.40 x 104M reagent and up to 19 ppm of uranium, for pH 4.55-4.95, 
measured against a reagent blank. The only effect of up to 30% v/v dimethylforma- 
mide is to change the slope of the 530 m,u calibration curve owing to the change in 
shape of the absorption spectrum. The own absorbance of the all reagent being in 
excess was always subtracted before plotting. 

The molar absorptivity found from Lambert-Beer plots is (1*95-2.02) x lo4 at 
530 rnp for solutions containing 0-N pyridine and excess of reagent. If dimethyl- 
formamide is used instead of ethanol the values are 1.92 x 104 (540 mp) and 1.87 x 
104 (530 mp). The values agree in general with those from reagent concentration 
plots at pH 5.03 (2.03 x 104 at 530 m,u) or from the maximum absorbance of the 
pH plots for solutions with and without buffer, (1.96-2.11) x 104 at pH 4.5-5.0. 
The sensitivity for A = 0.01 is 0*116-0*126 pg/ cm2 at 530 rnjz for solutions containing 
30% ethanol and O*lM pyridine (pH 4.5-4-g). 

Interferences 

In solutions with C, = 2.0 x 10WSM and C, = 2.0 x 104J4, O-l&f pyridinium 
nitrate buffer (pH 5.0) and 10-3M cetylpyridinium bromide, it was found that 10-3M 
sodium fluoride, 8 x 10-sM acetate, 3 x 10m3M carbonate and 1.6 x 10e2M 
sulphosalicylic acid cause a deviation of -5% in the absorbance at 530 m,u, and that 
phosphate, citrate, oxalate, EDTA and CDTA interfere strongly. 

Determination of uranium with TAMH 

Similar considerations apply as in the case of the TAMR method, the differences 
being that A,,, is at 610-615 rnp, the reagent has negligible absorbance at 610 rnp 
up to pH 6, chelate hydrolysis shifts to lower pH values if the reagent concentration 
decreases, and absorbance is maximal at pH 5.25 if C,/C, = 10. 

The molar absorptivity is 1.45 x lo4 at 610 rnp for unbuffered or pyridine 
buffered solutions with a large excess of reagent at pH 5.0. A slightly lower value, 
1.35 x 104 was found for nonbuffered solutions with C, = 2.0 x 104M at pH 5.0, 
from the Lambert-Beer plot. The sensitivity is 0.18 pg/cm2 for A = 0.01 at 610 m,u 
and pH 5.0. 

In solutions with 2.0 x 10-5M uranium, 2-O x 104M reagent, O*lM pyridinium 
nitrate buffer (pH 5.0) and 10W3M cetylpyridinium bromide, it was found that tartrate, 
citrate, oxalate, carbonate, EDTA, CDTA and phosphate interfere strongly, 2 x 
10-3M sodium fluoride causes a deviation of --IO%, and 3 x 10e3M acetate and 
10-2M sulphosalicylic acid cause a deviation of -5%. 

A number of metal ions giving colour changes with TAMH and TAMR21 cations 
interfere strongly, and previous separation of uranium is recommended if cations 
other than those of the alkali and alkaline earth metals are present. Beryllium and 
aluminium (up to amounts equivalent to 5 ppm of uranium) can be masked by 
2 x 10-3M 5-sulphosalicylic acid. 
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A 0.6 

PH 

FIG. 9.-Plot of absorbance of extract vs. pH for the system UOl*+-TAMH in 
isobutyl methyl ketone. 

C, = 4 x lo-‘M, CX = 2.25 x 10-5M; O*lM KNOI; 0.05M tris 
buffer; 610 m,u. 

Z-(A), =f(pH)“; 2-reagent only; 3-A(A), =~(PH)~. 

Extraction of the TAMH chelate 

The chelate and reagent are easily extracted into amyl alcohol or isobutyl methyl 
ketone, especially in the presence of potassium nitrate as salting-out agent, in a 
wide pH range up to pH 9. Chloroform is much less suitable, the chelate being 
partly collected at the interface. 

The following procedure is recommended. To 10 ml of aqueous solution con- 
taining uranyl nitrate, potassium nitrate and 0*05M “tris” buffer, add at least an 
18-fold excess of reagent (C!, N 10-3M) and shake the mixture vigorously for 2-5 min 
with 10 ml of isobutyl methyl ketone. Separate the organic layer and centrifuge it 
for 2 min, and measure its absorbance at 610-640 rnp after 5 min. 

The optimum pH is 6.5-7.5. The absorbance of the organic layer decreases 
rapidly at pH >7*6 owing to chelate hydrolysis, and is not reproducible over the 
pH interval 2.5-6 (Fig. 9). At pH ~2 extraction is negligible. The chelate partly 
remains at the interface if the pH is ~5. 

“Tris” buffer, 0*05M, was suitable for adjusting the pH, large excesses of it 
having a negligible effect on the absorbance at pH ~7, for 15-fold excess of reagent. 
The minimum potassium nitrate concentration permissible is 2 x 10m2M. Beer’s law 
is obeyed for up to 5 ppm of uranium at 610-640 m,u, pH 7.05, Cn = 4-O x 10-W, 
and 0-M potassium nitrate and 0.05M “tris” buffer in the aqueous phase. The 
reagent is also extracted into the organic layer and its absorbance must be corrected 
for by using a reagent blank as reference solution. Negative deviations from Beer’s 
law were observed if the excess of reagent was lower than l&fold. The molar absorp 
tivity, 2.09 x lo4 at 610 rnp from the Lambert-Beer plot at pH 7.05 or 2.08 x lo4 
at the same pH in the presence of 0*05M “tris”, is larger than that for aqueous medium 
at pH 5.0. The sensitivity is 0.110 pg/cm2 at 610 rnp for A = 0.01. 

Interferences 

A number of common masking agents strongly interfere, when the optimum 
extraction conditions are used. A deviation of -5% is given at 610 rnp by 6 x 103M 
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phosphate, 10-2M acetate, lOaM oxalate, 1.3 x 10-3M sulphosalicylate, 4 x 10-sM 
fluoride, l-6 x 10m2M CDTA or 8 x lO-SM tartrate. Citrate, EDTA and carbonate 
nterfere strongly at pH 7.0-7.2. 

Composition of the extracted species 

The plot of absorbance of the organic phase at 610 and 640 rnp vs. excess of reagent 
in the aqueous phase at pH 7.20 (0*2M sodium acetate), with or without the presence 
of O*lM potassium nitrate, was interpreted according to Asmus’s modified straight 
line method;% a 1: 1 chelate appeared to be extracted under the given conditions. 
Acetate was added to prevent hydrolysis in solutions containing small excesses of 
reagent. 

The number of solvent molecules attached to the metal chelate was determined 
by the same method for increasing concentrations of isobutyl methyl ketone, cyclo- 
hexane being used as diluent; only one molecule of isobutyl methyl ketone was 
found to be co-ordinated to the uranyl chelate. 

The results showed that only the chelate UO,R*NO,solvent was formed in the 
organic phase, but no evidence was found for the existence of a higher chelate even 
in the non-aqueous medium. Cyclohexane extracts the reagent but not the chelate. 
The reproducibility of absorbance readings for the organic layer decreases consider- 
ably for small concentrations of isobutyl methyl ketone in the organic layer. A 
5-min extraction was found sufficient for equilibration at all concentrations of the 
active solvent. The organic layer becomes turbid if cyclohexane is added after the 
isobutyl methyl ketone, but not if it is added first. 

Comparison to PAR and other TAR derivatives 

Some data for the UOz2+-chelates with PAR and some TAR derivatives are 
collected in Table II. 

TABLE II. -PAR AND SOME TAR DERIVATIVES AS REAGENTS FOR URANIUM(vI) 

Reagent 
Sensitivity in 

lmax E . 10-d &cm for A = O-01 pH 

PAR 530 3.76 0.063 7-8* 
TAR 530 3.18 0.072 7-8* 
6-ethyl-TART 540 2.99 0079 7-8’ 
6-methyl-TARt 540 2.95 0.081 7-8* 
6-propyl-TARt 550 2.88 0.079 7-8+ 
TAMR$ 530 1.95 O*llO 5.05 
TAMHf 610 140 0.170 5.05 

l 0.2M tris/-hydroxymethyl/aminomethane buffer. 
t 20 ‘A v/v dimethylformamide. 
$ 30% v/v ethanol. 
8 O*lM pyridinium nitrate buffer. 

TAMR and TAMH do not reach the sensitivity of PAR and somep-dialkylamino 
derivatives of TAR1e*1sB2s as reagents for Uranium(W) but the TAMH -U022+- 
chelate has a suitable large colour contrast against the reagent blank. 



Complexation of uranium by 2-(2-thiazolylazo)-4ethoxyphenol 

Zusammenfass~g-Die Komplexbildung von Uran(V1) mit 2-(2- 
Thiazolyl)-4-methoxyphenol (TAMH) und 2-(2-Thiazolylazo)-5-meth- 
oxyphenol (TAMR) wurde vergleichend untersucht. Die Komplexe 
sind weniger stabil und haben kleinere molare ExtinktionskoetIizienten 
als die Komplexe mit PAR und TAR, sind aber fur die Uranbestim- 
mung trotzdem niltzlich. Das Chelat mit TAMH kann in Isobutyl- 
methylketon extrahiert werden. Beide Komplexe haben das Metal1 : Li- 
gand-Verhiiltnis 1: 1. Beim TAMH-Komplex ist log /I1 = 8,s; E = 
1,4 x 10’ bei 610 nm; beim TAMR-Komplex log ,!I1 = 8,l; E = 
2,0 x 10’ bei 530 nm. 

R&sum~n a effectd une etude comparative de la complexation de 
l’uranium(VI) par le 2-(2-thiazolyl)4-methoxyphenol (TAMH) et le 
2_(3-thiazolvlazo)S-methoxvnhenol (TAMR). Les complexes sent 
mains stables et ont des.&efficients d’absorption mole&ire plus 
faibles que les complexes PAR et TAR mais ils sont encore utiles 
pour le dosage de l’uranium. On peut extraire le chelate TAMH en 
m&hylisobutylc&one. Les dew complexes sont 1 :l m&al:ligand. 
Pour le complexe TAMH, log /11 = 8,s; e = 1,4 x 10’ a 6lOm,f4; 
pour le complexe TAMR log & = 8,l; E = 2,0 x 10’ a530 rnp. 
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S--A photometric and a spectrochemical method have been 
developed for determining gold in iron pyrites, copper and lead 
concentrates. In both, the sample is dissolved and gold is extracted 
from 1M hydrochloric acid solution with a mixture of ethyl methyl 
ketone and chloroform (1 :l). Gold was determhted photometrically 
with N,N’-tetramethyl-o-tolidine. Conditions have been found for 
satisfactorily sensitive and reproducible spectral determination of gold. 
For this munose the effect of various collectors and buffers on the 
evaporat&n ‘curves of gold has been studied, as well as excitation 
conditions, form of the electrodes, optimum slit-width, and photo- 
graphic variables. 
been evaluated. 

The sensitivity and precision of both methods have 

CONSIDEIUEZLE quantities of gold are obtained nowadays from iron pyrites, copper and 
lead concentrates. Their gold content varies from <l to > 10 g per ton. In rich 
concentrates gold is determined chiefly by the fire-assay method. In poorer ones 
(l-5 g/ton) this method has a number of drawbacks which lead to loss of time and 
materials and to doubtful results. On account of this, new methods were sought which 
would be simpler and give dependable results (see the review by F. E. Beamishl). 

In the present work we offer two methods for the determination of gold in the raw 
materials mentioned, one photometric and the other spectrochemical. To achieve 
higher sensitivity and precision, an extractive concentration was used. 

Reagents 
EXPERIMENTAL 

St&d solution of gold (100 &ml). Dissolve 0.0250 g of metallic gold in aqzux regia and evap- 
orate the solution on the water-bath to a drv residue. Dissolve the latter in 1M hvdrochloric acid. 
transfer it into a 2%ml volumetric flask, and dilute to the mark with the same acid. 

Tetrone. A O-1 % solution of N,N’-te~~ethyl-o-tolidine in sulphuric acid (1 + 20). 
Ethyl methyl ketone. Distil and use the 77-783” fraction. 
Chloroform. Distil and use the 61-625” fraction. 

Separation of gold by extraction 

The gold-comaining concentrates are conventionally dissolved in aqua regia and the 8OhtiOn 

obtained is alternately evaporated almost to dryness and reconstituted with hydrochloric acid, to 
give finally a solution of aurochloric acid. 

Gold is mainly extracted with oxygen-containing agents such as diethyl ether, ethyl methyl ketone, 
ethyl acetate, acetylacetone, isobutyl methyl ketone, etc. I4 All these extract iron, arsenic, mercury, 
germanium, gallium, indium, thalhum, molybdenum, etc. from hydrochloric acid.10-1* 

Amongst others, Jordanov and Havezov t5 have shown that the selectivity of separation can be 
increased by using a mixture of an extractive solvent and an “indifferent” diluent. the extraction 
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being carried out at low acidity. By varying such solvent systems, we expected to find conditions 
under which gold could be extracted quantitatively while interfering elements would be extracted 
either not at all or to an insignificant degree. 

We chose to investigate ethyl methyl ketone. It is cheap, easily obtainable, rather volatile, and 
in presence of “inert” solvents is practicallv insoluble in hvdrochloric acid. 

-We studied the relationship between the distribution &oeiEcient of gold and the acidity. Both 
phases had a volume of 10 ml and were mutually saturated for each of the chosen acidities. We 
found that the distribution e 

Experiments showed that 1 
uilibrium for gold in the two phases is established in 2 min. 
rom a practical stand-point, it is easiest to work with a medium of 1M 

hydrochloric acid; the distribution coefficient is high enough to allow the quantitative transfer of 
gold to the organic phase in a single extraction and the separation of the two phases is very fast. 

Mixtures of ethyl methyl ketone with chloroform or carbon tetrachloride were studied as ex- 
tractants. The beat mixture was ethyl methyl ketone and chloroform, l:l, which extracts gold 
quantitatively in a double extraction, but not the main components, iron, copper and lead. 

Photometric determination of gold 

The concentrates are dissolved, and the gold is extracted and determined photometrically with 
tetrone.‘O 

Weigh 05-2*Og of copper, lead or pyrites concentrate in a porcelain crucible and heat in an 
electric furnace at 700” for 40 min to remove flotation reagents and oxidize the sulphide. Cool the 
sample, add 10-15 ml of freshly prepared aqua regiu, let stand for l-2 hr and then heat on a sand-bath 
to complete the decomposition. Evaporate almost to dryness and add 5 ml of concentrated hydro- 
chloric acid, and repeat (the first time on the sand-bath, and the second on the water-bath). Dissolve 
the dry residue in 30 ml of 1M hydrochloric acid, transfer the solution into a 50 or lO&nl volumetric 
flask, and dilute to the mark with the same acid. Silicic acid falls to the bottom of the flask. From 
the clear solution, transfer 10 or 20 ml with a pipette into a separating funnel, and extract twice with 
l&ml portions of a mixture of ethyl methyl ketone and chloroform (1:l). Wash the combined 
extracts in another separating funnel with 10 ml of 1M hydrochloric acid. Transfer the washed 
extract into a porcelain crucible, evaporate it to a dry residue under an infrared lamp and heat it in 
an electric furnace at 700” to decompose the organic matter completely. Wet the dry residue with 
10-15 drops of uq~e regia (cover with a clock glass) and heat for 15 min, then evaporate almost to 
dryness. Add 4-5 drops of hydrochloric acid and again evaporate almost to dryness. Add 1 ml of 
0.1% tetrone solution, leave for 10 min to develop the colour, dilute to 10 ml, and measure photo- 
metrically at 480 rnp. Prepare a calibration curve for the range 2-10 mg of gold. 

Spectrochemical determination of gold 

Various methods are known for the spectrochemical determination of gold in rocks, ores, and ore 
concentrates.17-*o According to most of these, gold must previously be separated from the other 
elements present, by use of collectors of various kinds, ion-exchange methods, etc. For us the problem 
consisted of finding a convenient way of quantitatively transferring the gold from the organic extract 
to the carbon electrode. To this end several substances were tested, which had to be good collectors 
and at the same time allow the most sensitive possible determination of gold. 

The substances tried were silicon dioxide, lead oxide, magnesium oxide, strontium sulphate. 
aluminium powder, and inactive and activated carbon. Various forms of electrodes were used: 
hollow electrodes with craters of various depths and diameter, as well as cup-shaped ones with a cup 
of various dimensions. The second electrode ended in a hemisohere. The electrode holders were 
water-cooled. The most a propriate slitwidth was found by me&uring the diffusion halation in the 
photoplate.*i*” For all co P lectors, the evaporation curves of gold (with varying weight of the sample) 
were measured at a current strength of 10. 12, 14, 16 and 18 A. Exueriments showed that with all 
collectors the best results are obTained at a current strength of 16 A, a slit of 16 ,u, width of the 
intermediate diaphragm 3.2 mm, sample weight 10 mg, and an electrode crater 4 mm in diameter 
and 3 mm deep. Figures 1 and 2 show the evaporation curves. The spectra were photographed on 
Blau Hart plates, and the Au I line at 2675.95 A was measured photometrically. 

The most suitable base proved to be carbon powder. Whether it was activated or not, the evap- 
oration curves were the same (Fig. 2); full evaporation takes ‘place within 40-50 sec. Activated 
carbon, however, has the advantage of being a better collector. 

Figure 3 shows the calibration curves with bases of activated carbon powder and lead sulphate. 
The reproducibility with these two bases, expressed by the standard deviation S and the coefficient of 
variation V at the 95 ‘A confidence level (20 determinations) is: PbSO,, S 6.3, V 16%; carbon, S 
2.6, V4%. 

The reproducibility when powdered carbon is used fully answers the practical requirements. 
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t. set 

FIG. l.-Evaporation curves for gold; the collectors are 1-SiO,. 2-SrS0,. 3-PbO, 
4-PbS04, 5-A& 6-M@ AS is the intensity of the measured line relative to baclc- 

ground intensity. 

t, set 

FIG. 2.-Evaporation curves for gold; the collectors are l-activated carbon, 
24nactive carbon. 
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FIG. 3.-CaIibration curves for gold; the coIlectors are A--activated carbon, 0 lead 
suIphate, Bfauhart plates, 

1 I I I 
log c - 

FIG. 4.-CaIibration curves for gold; the collectors are U-activated carbon, 
A-activated carbon containing 10% NaCI. RC plates. 

Fnrther studies were aimed at increasing the sensitivity of the determination. This could represent 
one more variation of the method, to be used when necessary. The possibilities were to use photo- 
plates with higher sensitivity, and to add buffering substances to the collector to stabilize the temper- 
ature of the plasma. 

The plates tested were Russian (type SC; y = 150-1~70) aad BIau Hart (ORWO German 
Democratic Republic; y = 1*15--1*18). They have the same sensitivity in the 2600-3100~ region. 

The excitation potent% of the Au I line at X75*95 A is 46 eV, and that of the Au I line at 
X27.95 A is 5-f eV. Taking these data into account, we chose sodium chIoride as an appropriate 
buffer; the ionization energy of sodium is 513 eV, In presence of sodium chloride, the maintained 
temperature of the plasma will be very close to the optimum temperature of excitation for these gold 
lines. The experimental results, shown in Fig. 4, contirmed our suppositions. 



Photometric and spectrochemical determination of gold 967 

The determination limits under the optimum working conditions, for the Au I line at 2675.95 A 
are 0.003 yg for 3C plates and 0.02 rg for Blau Hart plates. 

Method of analysis. Dissolve the sample and extract the gold as in the photometric method. 
Transfer the extract to a porcelain dish, add 40 mg of activated carbon powder containing 10% of 
sodium chloride and evaporate the mixture to dryness. Homogenize the residue and place lO-mg 
samples in three graphite electrodes with craters 4 mm in diameter and 3 mm deep, Excite the spectra 
in an electric arc at a current of 16 A, and photograph with 60 set exposure, intermediate diaphragm 
3.2 mm, and slit 16 p. Prepare a standard curve, each point being the average of three determinations. 

RESULTS 

Both methods were tested by determination of the gold content of a copper con- 
centrate. The results obtained are shown in Table I. 

TABLE I 

Method 

Photometric 
Spectrochemical 

No. of Mean Au Std. devn. 
determinations content, g/ton g/ton 

12 2.83 0.18 
13 2.72 0.13 

The average result from a determination of gold in the same concentrate by the 
fire-assay method was 2.8 g/ton 

The methods are intended for use with the types of sample specified, or other 
gold-bearing materials from which the gold is completely extractable with aqua regia, 
and are not applicable to other types of material. 

Zusanunenfassung-Eine photometrische und eine spektrochemische 
Methode zur Bestimmung von Gold in Eisenpyriten sowie Kupfer- 
und Bleikonzentraten wurden entwickelt. Bei beiden wird die Probe 
gelost und Gold aus 1M salzsaurer Liisung mit einer 1: I-M&hung 
aus Athvlmethvlketon und Chloroform extrahiert. Gold wurde 
photome&isch ‘mit N,N’-Tetramethyl-o-toluidin bestimmt. Bedin- 
gungen fur eine befriedigend emptindliche und reproduzierbare 
spektrale Bestimmung von Gold wurden ebenfalls gefunden. Zu 
diesem Zweck wurde der EinfIuB verschiedener Sammler und Puffer 
auf die Verdampfungskurven von Gold untersucht sowie die Anre- 
gungsbedingungen, Elektrodenform, optimale Spaltbreite und photo- 
graphische Variable. Empfindlichkeit und Genauigkeit der Methoden 
wurden bestimmt. 

R&trn&-Gn a 6labore une methode photom6trique et une methode 
spectrochimique pour doser l’or dans les pyrites de fer, le cuivre et 
les concentrats de plomb. Dans les deux cas, on dissout l%chantillon 
et extrait l’or a partir dune solution 1M en acide chlorhvdrioue par 
un melange de methyl-ethyl&one et de chloroforme (1: 1): On’a dose 
l’or ohotometriauement ear la N.N’-t&ram&h+o-tolidine. On a 
trot& des condhions de determination spectralehe l’or de sensibilite 
et reproductibilite satisfaisantes. Dans ce but, on a etudi6 l’influence 
de divers collecteurs et tampons sur les courbes d’evaporation de l’or, 
ainsi que les conditions d’excitation, la forme des electrodes, la largeur 
de fente optimale et les variables photographiques. On a evalu6 la 
sensibilite et la precision des deux mtthodes. 
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Summary-The presence of hexamethyldisiloxane greatly accelerates 
the diffusion separation of fluoride, making it possible to recover 
197% of radioactive fluoride in one hour at room temperature. 
Agitation, and concentration of the acid and alkaline solutions, a!&.% 
the rate of diffusion. The presence of biological material has little 
effect on the rate of diffusion. 
under these conditions. 

Sulphate and phosphate do not diffuse 

SEPARATION is a necessary first step in the determination of fluoride in most types of 
samples. However, the available techniques are either tedious or time-consuming, 
and for some materials, unreliable. 

Steam-distillation of hydrogen fluoride or hydrogen hexafluorosilicate from acid 
solutions has been the method of choice for many years, but it suffers from the 
tendency of the distillates to be contaminated with phosphoric or sulphuric acid 1,s 
and from the loss of hydrogen fluoride by reaction with the glass vessels.s 
Avoidance of phosphoric or sulphuric acid in the distillate is crucial because the 
available reagents generally react with sulphate and ph0sphate.l Control of these con- 
taminants depends in part on very close temperature regulation, which is difficult. 
The distillation procedure in any case is not adaptable to determination of large num- 
bers of samples on a routine basis. 

Diffusion procedures have become widely used because many more samples can 
be dealt with at one time and high temperatures are not required. Temperatures of 60” 
eliminate contamination by phosphoric or sulphuric acid and make possible the use of 
plastic dishes, avoiding any reaction between hydrogen fluoride and glass. However, 
there is evidence that diffusion at this temperature may not be satisfactory for serum 
analysis,4 and in any case requires at least 12 hr to reach completion.s 

The recent discovery that diffusion of fluoride is greatly accelerated by the presence 
of silicone grease used as a sealant of the microdiffusion dishes6 has led to the devel- 
opment of a new procedure for the rapid diffusion of fluoride at room temperature, 
using hexamethyldisiloxane (HMDS), the simplest silicone, [(CH,),Si],O. 

EXPERIMENTAL 

Apparatus 

Non-wettable diffusion dishes obtained direct from Falcon Plastics, 5500 West 83rd Street, Los 
Angeles, California 90045 were used for l-2 ml samples. The generally available Falcon microdif- 
fusion dishes have wettable surfaces which give high blank values with the Morin-thorium reagent’ 
and may allow premature mixing of solutions placed in the outer compartment. 

* This paper is based partially on work performed under contract with the U.S. Atomic Energy 
Commission at the University of Rochester Atomic Energy Project and also on a USPHS Dental 
Grant S-TO1 DE60175 and has been assigned Report No. UR-49-871. 
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Polystyrene Petri dishes (Falcon Plastics) were used for lo-ml samples. The trapping solution 
was put in pH-meter sample cup covers (p 207.0005, Mallinckrodt Chemical Works) which were 
placed in slightly larger cups, obtained by breaking out the centre compartment of the disposable 
Falcon dishes, and floated on the acidified sample (Fig. 1). 

A “Gyrotory Shaker”, New Brunswick Scientific Company, Box 606, New Brunswick, New 
Jersey, was used to give 80 cpm rotary motion with &in. throw. 

A well-type sodium iodide crystal counter was used for counting the leF- and a liquid scintillation 
counter was used for the lrC, s*POla- and ssS04*-. 

FIG. l-Diffusion apparatus. 
A-Vaseline seal; B-acidified sample; C-plastic cup; D-trapping solution; E-lid 

Materials 
Radioactive fluoride, IsF-, carrier-free, was obtained from Western New York Nuclear Research 

Center, Power Drive, Buffalo, New York. The only gamma-emitting contaminant detected8 was 
8*Br-. The error due to 88Br- contamination was checked by counting duplicate samples after 24 
and 48 hr and comparing the observed changes with those expected from pure lsF-, which has a 
half-life of 109.5 min.@ The error at 24 hr was O-2 %. The longest elapsed time in the following 
experiments was 25 hr. The amount of lBF- added with the 18F-, as estimated by the method de- 
scribed in a companion article,’ was less than 1 nmole. 

Uniformly labelled carbon-14 hexamethyldisiloxane (HM*DS), activity 1 mC/g, was obtained 
from Dow-Corning, Midland, Michigan. 
scintillation counter with Bray’s solution. 

Counting of rrC, aBPOf- and ssS04*- was done in a liquid 
lo The standards were prepared so that they contained the 

same solution components as the counted samples, to avoid systematic quenching errors. 
The HMDS (Dow Coming 200 Fluid, 0.65 centistokes, Dow Corning, Midland, Michigan) was 

introduced as its saturated solution in 6M hydrochloric acid, stored with excess of HMDS in a 
separatory-funnel. 

Lead-free 70 % perchloric acid (11.4 M) was obtained from the Frederick G. Smith Co., Columbus, 
Ohio. 

The trapping solution and acidified sample are placed in the centre and outer compartments 
resnectivelv. The lids are sealed with petroleum iellv (Vaseline). 
all ‘sample; are brought to this stage before pro&eeding. 

Because of the volatility of HMDS L 

The silicone solution. 0.5 ml of HMDS-saturated 6M hvdrochloric acid is introduced into the 
outer compartment through a l-mm hole in the lid and the’hole is quickly covered with Vaseline. 
Unless otherwise stated, all samples were agitated by rotary motion. The trapping solution was 
transferred by means of a plastic pipette to a plastic test-tube for counting. Serum supematant 
was prepared by centrifuging serum with an equal volume of 6*8M perchloric acid to precipitate the 
proteins. 

The recovery of lsF- was determined by comparison with radioactive standards. The samples 
and standards were counted within a half-hour of each other to minimize the amount of correction 
needed for radioactive decay. 

RESULTS 

Tables I, II and III show the effect of variables such as the trapping agent, rotary 
motion and the amount of acid on the rate of l*F- diffusion. In order to detect 
differences in behaviour, a lo-min & 15set diffusion time was used so that the process 
would not be completed. 

Table I shows that sodium hydroxide is more effective as a trapping solution than 
is sodium carbonate. However, even the sodium carbonate which had picked up 
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TABLE I-EFFECT OF TRAPPING SOLUTION ON RECOVERY OF l*F-* 

Trapping solution No. of samples Recovery, % 

3 ml O.lM NaOH 6 91-95 
3 ml O*liV Na,Co, 6 68-81 
3 ml O.lN Na,C&, pH 9.8 5 77-79 
3 ml O.lN Na,C&, pH 10.8 5 85-89 
3 ml 0.03N Na,Co, 4 75-76 
1 ml 0.1 N NalCos + 0.5 ml CIH,OH 4 82-85 

* The outer compartment contained 3 ml of 3.4M HClO,, 15 nmole of NaF 
labelled with lsF-, and 0.5 ml of silicone-saturated 6M HCl. Diffusion for 10 min. 

TABLEII-EFFECT OF HMDS AND AGITATION ON RECOVERY OF l*F-* 

Agitation 
time, min 

10 
0 

0.25 
10 

No. 
Sample solution of samples Recovery, % 

non-siliconed HCl added 4 04-0*5 
silicone-saturated HCl 3 33-34 

separate from sample 
silicone-saturated HCl 5 55-63 
siliconesaturated HCl agitated 4 81-84 

with sample for full time 

* The outer compartment also contained 3 ml of 3.4M HClO, and 15 nmole 
of NaF labelled with lsF-. The trapping solution was 1 ml of O*lN Na&O, in 
20% ethanol. Diffusion for 10 min. 

TABLE III-EFFWX OF AMOUNT OF ACID AND SAMPLE ON 
RECOVERY OF laF-* 

No. 
Sample solution of samples Recovery, % 

1 ml H,O 5 67-69 
1 ml Ha0 + 1 ml 6.8M HClO, 5 79-82 
1 ml H,O + 2 ml 6.8M HCIOI 4 80-85 
1 ml urine + 1 ml 6.8M HCIOI 3 76-81 
3 ml serum supematant 3 68-72 

* The outer compartment also contained 0.5 ml of siliconesaturated 
6M HCl. The trapping solution was 1 ml of O.lN Na,COs in 20% 
ethanol. Diffusion for 10 min. 

enough carbon dioxide from the air for its pH to be reduced to 943 was efficient enough 
to recover over 75 % of the fluoride in 10 min. Sodium carbonate was used in sub- 
sequent experiments because exposure to carbon dioxide is not critical, as it is with 
sodium hydroxide (which also causes instability of the fluorescence of the Morin- 
thorium reagent’). 

Table II shows the effect of HMDS on the rate of diffusion. Without the HMDS 
there is practically no diffusion of fluoride. When the HMDS-saturated hydrochloric 
acid is present but not in contact with the sample one-third of thefluoridediffuses to the 
trapping solution in 10 min, owing to the volatilization of the HMDS, illustrating the 
necessity of introducing the HMDS into the system through a small hole in the already 
sealed lid. Mixing the solutions increases the rate of diffusion appreciably and con- 
tinuous rotary motion results in over 80% recovery in only 10 min. 

Table III shows that the addition of perchloric acid to the sample increases the 
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rate of diffusion in spite of the fact that the volume of the solution from which the 
fluoride is being diffused is larger. Urine has little or no effect on the rate of diffusion. 
Serum supernatant appears to reduce it slightly. 

Table IV shows that about 98% of added radioactive fluoride can be recovered 
from bone, urine or serum supernatant in l-6 hr. The time required depends on 
whether alcohol is used to spread the trapping solution and rotary agitation is used, 
and on the sample size. 

TABLE IV--COMPLETENESS OF lsF- RECOVERY 

Trapping 
solution* 

Ethanol 
Ethanol 
Ethanol 
Ethanol 
Water 
Water 
Water 
Water 
Water 
Water 

Motion 

Rotary 
Rotary 
Rotary 
Rotary 
Rotary 
Rotary 
Static 
Static 
Rotary 
Rotary 

No. 
Time, hr Samplei of samples 

1 1 ml urine + 1 ml 6+3M HCIO, 5 

: 10 10 mg bone7 bone7 + + 2 2 ml ml 3.4M 3.4M HCIO, HCIOI mg 5 5 
1 3 ml serum supernatant 5 

: 4 4 ml ml serum serum supematant supematant 5 5 

z 4 4 ml ml serum serum supematant supematant 5 5 
20 ml serum supematant 5 
20 ml serum supernatant 5 

Recovery, % 

99.3 f 1*2$ 
98.5 f 1.1 
97.9 f 2.6 

100.5 f 1.1 
98.0 * 1-o 
98.4 + 1.8 
97.2 f 2.9 
99.4 f 1.1 
948 &- 0.5 
98.1 f 0.5 

l 1 ml 0-W Na,CO, in either 20% ethanol or in water. 
t The outer compartment also contained 0.5 ml of silicone-saturated 6M HCI. 
7 Stable fluoride analysis by Taves’s method’ and by method of Singer and Armstrong (Anal. 

Biochem., 1965. 10,495) showed 70 nmole of F in the first sample and 4500 nmole in the second. 
$ Relative standard deviation. 

Most lots of hydrocholoric acid are contaminated with appreciable amounts of 
fluoride so it was of interest to determine whether the trimethylfluorosilane formed by 
the addition of HMDS might not be extracted into the excess of HMDS on top of the 
acid in the storage funnel. This was done by measuring the lsF- distribution after 
shaking HMDS with 6M hydrochloric acid containing lsF-. It was found that only 
0.04% was left in 50 ml of acid after two extractions with 10 ml of HMDS. The 
distribution ratio was greater than 100: 1. 

Carbon-14 labelled HMDS (HM*DS) was used to determine the distribution of 
HMDS in the diffusion process and in subsequent steps for the analysis of stable 
fluoride. The concentration of HM*DS in the saturated 6M hydrochloric acid, 
as measured by its radioactivity, was ONll6M. To determine how much of the HMDS 
transfers to the trapping solution, 05 ml of the HM*DS solution (800 nmole) 
was placed in the outer chamber of a diffusion dish with 4 ml of 3.4M perchloric acid. 
In 30 min, 110 and 120 nmole (duplicate experiments) were recovered in the trapping 
solution (0.1N sodium carbonate in 20% v/v alcohol). Replacing the trapping 
solution and diffusing for another 30 min resulted in the recovery of 62 and 68 nmole 
of HM*DS. The trapping solution, when titrated with hydrochloric acid, as necessary 
for analysis of stable fluoride, showed no loss of HM*DS. However, when the 
trapping solution (not titrated) was evaporated, 99 % was lost from each of 4 samples. 

The possibility that phosphate or sulphate diffuses with the HMDS to contaminate 
the trapping solution was tested by using 2 ml of @002M phosphate containing 
1 x 10’ cpm 32P0,3- and 2 ml of O*OlM sulphate with 9 x 10’ cpm 35S0,2- as the 
samples (5 sets of each). After 2 hr in the usual procedure for diffusion not more than 
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a millionth of the phosphate or sulphate had diffused. The background was 63 cpm 
and the samples 63 f 4 and 70 f. 6 cpm respectively (standard errors shown). 

DISCUSSION 

The use of HMDS makes it possible to separate fluoride from samples by diffusion 
at room temperature in 1 hr, less than a tenth of the time taken by any previous 
diffusion method. 

HMDS is presumed to accelerate the diffusion of fluoride by the formation of 
trimethylfluorosilane (TMFS) :11 

HF + (CHJ,SiOSi(CH& + (CH,),SiF + (CH,), SiOH (1) 

HF + (CH&SiOH + (CH,),SiF + Hz0 (2) 

In the absence of a silicone the hydrogen fluoride will react with itself and with water 
to form higher molecular weight complexes, which explains why the constant boiling 
temperature12 of hydrofluoric acid is 112” whereas hydrogen fluoride boils at -80”. 
On the other hand, the TMFS (b.p. 16.4”)13 would be expected to be hydrophobic and 
retain its volatility, thus providing a means for fluoride to escape from an acid 
solution. The release of fluoride when the TMFS comes in contact with the alkaline 
trapping solution is expected from reversal of reaction 2 by hydrolysis, assisted by 
condensation of silanol to form the parent HMDS: 

2(CH,),SiOH + [(CH&Si],O + H,O. (3) 

To the extent that the reformed HMDS or possibly the silanol returns to the acid 
solution and enters the cycle again, the whole process becomes catalytic. Evidence 
that this occurs is shown in Table IV; 800 nmole of HMDS resulted in diffusion of 
4500 nmole of fluoride from bone in 1 hr. 

The suggested hydrolysis and condensation mechanism may explain the greater 
over-all diffusion rates when a stronger alkali is used. However, there may also be a 
direct substitution reaction of OH- for F- on the trimethylsilyl group. The increased 
rate of diffusion with the addition of acid is probably due to the resultant decrease in 
the activity of the water which in turn decreases the reaction of hydrogen fluoride with 
water and makes hydrogen fluoride more available for the reaction with HMDS. 
The fact that agitation increases the speed of the process suggests that the rate of 
diffusion in solution becomes a limiting factor as a result of the marked increase in the 
rate of escape of fluoride from the surface. 

Most previous methods have unwittingly employed silicone-aided diffusion of 
fluoride by using silicone grease to seal the diffusion dishes. A previous study has 
indicated that the silicone grease supplies a volatile component, possibly HMDS, 
since the grease could be placed some distance away from the acid and still produce 
its effect.s However, since higher temperatures and longer times were needed it was 
apparently not supplied in great enough quantities for maximum effectiveness. Under 
conditions where diffusion is limited by the supply of volatile silicone, factors such as 
acid strength and agitation would appear to be unimportant, thus explaining why 
Wharton5 saw little or no effect from these factors. 

Diffusion at room temperature, rather than at 55-60”, is an advantage because it 
decreases the likelihood than other volatile components will contaminate the trapping 
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solution. The possibility that sulphate and phosphate might be diffusing with HMDS 
in the same manner as fluoride was ruled out by the experiments with saP0,3- and 
36so*2-. 

A question not settled here is whether the silicone present after titration of the 
trapping solution will adversely affect the reagents used for the measurement of 
fluoride. (This is not a problem with the Morin-thorium reagent.‘) The silicone can 
be removed by evaporating the trapping agent, but this is not ideal since it takes at 
least an hour and exposes the samples to possible contamination from the air. Ex- 
traction of lsF- from hydrochloric acid into a layer of HMDS indicates that TMFS is 
soluble in organic solvents, as would be expected. This finding might prove useful 
in collecting fluoride from some types of large samples for analysis. The increased 
ability to diffuse fluoride makes it possible to use larger samples of serum (10 ml) than 
have been previously reported. This is important because it allows sufficient concen- 
tration of fluoride from serum for results to be checked by more than one method. 

Acknowledgement-I wish to thank Mrs Barbara Huggins for her technical assistance. 

Zusauuneafassung-Die Gegenwart von Hexamethyldisiloxan besch- 
leunigt die Diffusionsabtrenmmg von Fluorid betrachtlich und 
ermiiglicht die Wiedergewinnung von tiber 97% radioaktivem Fluor 
in einer Stunde bei Raumtemperatur. Die Diffusionsgeschwindigkeit 
wird durch Riihren sowie die Konzentration der sauren und alkalischen 
Lijsungen beeintIu8t. Die Anwesenheit von biologischem Material hat 
auf die Diffusionsgeschwindigkeit nur geringen EinfluB. Sulfat und 
Phosphat diffundieren unter diesen Bedingungen nicht. 

RCsum~La presence d’hexamethyldisiloxane accelere fortement la 
separation par diffusion du fluorure, rendant possible la recuperation 
de plus de 97% de fluorure radioactif en une heure a temp6rature 
ordinaire. L’agitation et la concentration des solutions acides et 
alcalines infhtent sur la vitesse de diffusion. La presence de mat&e 
biologique a peu d’effet sur la vitesse de diffusion. Le sulfate et le 
phosphate ne diffusent pas dans ces conditions. 
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SHORT COMMUNICATIONS 

Activation analysis for selenium and tellurium trace impurities in gallium, 

arsenic and gallium arsenide 

(Received 21 December 1967. Accepted 14 April 1968) 

THE reported methods and datalm6 for the radiochemical separation of selenium and tellurium show 
that for the activation analysis of selenium either the 120&y Ve or the 17.5~set ‘We activity can 
be used, and for tellurium the 25-min IsITe, 74min la9e, 9*3&r “‘Te or the W-day lumTe activities. 
YSe and ?‘mSe have a large cross-section for neutron capture and an energy spectrum very suitable 
for measurement. The measurement can be disturbed by the secondary reactions 

8- 
‘“Mn, PAS 265 r%e(n, y)WSe 

‘6As(n, 2n)Ws r- %e(n, y)YSe 

Evaluatiorr-* of the secondary reaction yield shows that under the experimental conditions used 
the secondary selenium yield can be ignored down to concentrations of 1O-s g of selenium per g of 
arsenic. 

EXPERIMENTAL 
Reagents 

Solvent and carrier solution: 150 ml of 65 % nitric acid, 150 g of tartaric acid, 10 mg of selenium 
and 10 mg of tellurium, diluted with distilled water to 1000 ml. 

Reducing solution: 1% hydrazine sulphate in water. 
Buffer: 50 g of tartaric acid, 10 g of EDTA and 10 g of potassium dihydrogen phosphate diluted 

with distilled water to 1000 ml. 
Dithizone solution: 0002M in carbon tetrachloride purified by extraction with ammonium 

hydroxide. 
Diethylammonium-N,N-diethyldithiocarbamate solution: 0.04% in carbon tetrachloride. 

Irradiation 

In the core of the WRS reactor, with a thermal neutron flux of about 1.5 x 10la n.cm-*se+. 
For chemical separation, 0-5-g samples in quartz arnpoules were irradiated for 48 hr. For non- 
destructive analysis, 0.5-g samples in quartz ampoules were irradiated for 116 hr, or, in the fast 
procedure, 0.2-g samples in polyamide holders were irradiated for 20 sec. 

Destructive method 

The activated samples and standards were dissolved by slow warming in 10 ml of the solvent 
and carrier solution, and cooled. Then 2 ml of reducing solution were added and the mixture put 
in the extractor (Fig. 1) containing 10 ml of dithizone solution. After mixing for 2 min. the organic 
phase was collected and the extraction repeated with 10 ml of dithizone solution. The organic phases, 
containing both the selenium and tellurium activities, were combined and removed from the hot- 
chamber for further separation. After evaporation of the solvent, the chelate complexes were 
destroyed by the addition of a few drops of sulphuric-perchloric acid mixture. To the c&ar solution 
15 ml of buffer solution were added and the uH was adiusted to 8.5 with 2M notassium hvdroxide. 
Tellurium was then extracted by shaking fo; 2 min eaih time with two IO-ml portions 01 diethyl- 
ammonium-iV,iV-diethyldithiocarbamate solution. The selenium remains in the aqueous phase. 
The standards were treated throughout in the same way. The tellurium activity was measured at 
lower concentrations by liquid GM-counter, at higher concentrations by gamma-spectrometer. 
The selenium activity was measured by gamma-spectrometer. 

975 
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FIG. I.-Extraction assembly. 
I-Dissolving; 2-active vapour absorber; 3-evaporating; 4-inlet 
sample; 5-extractor; bsolvent feeder; 7-stirring motor; 8,9--solvent 

IO-hand-controlled piston; Il-gooseneck capillaries. 

for active 
containers; 

Non-a’estructive udysis 

After short irradiation by means of the pneumatic facility9 and 40-45 set cooling, the ‘%Se 
activity of the sample was measured by taking the gamma-spectrum repeatedly in the range from 0 
to 300 keV. The 12O-day ‘%Se activity was measured after cooling for 2-3 months. The gamma- 
spectra were taken in the range from 0 to 700 keV and were evaluated by Covell’s method.‘0 

The non-destructive method was found to be inadequate for the determination of tellurium, 
since in the measured gamma-spectrum, even after long cooling, only the 159-keV energy peak of 
lnsmTe could be identiiied, with poor sensitivity. 

RESULTS 

The degree of extraction was determined for both impurities by varying the stirring times and 
dithizone concentrations. The metal complex formation rate is markedly dependent on the hydrogen 
ion concentration in the aqueous phase. In dilute acidic solutions the rate of equilibration was 
found to be slow and proportional to the dithizone concentration, in agreement with previous 
observations.” With optimum mixing time, i.e., 2-3 min, and dithiwne in excess of the minimum 
50-fold molar ratio needed (relative to inactive carrier), selenium and tellurium are extracted almost 
quantitatively. Possible co-extraction of Ag, Hg, Pd and Cu, la though not observed in the test 
samples, is not expected to interfere with the selenium determination if the gamma-spectra are 

counts 

FIG. 2.-Gamma-spectra of 0.7-g As sample containing: Z-7 x 10-8g of Se; 
2-3 x 1O-8 g of Se; 3-no Se. 

Irradiation time 116 hr, cooling time 108 days, measuring time 2000 sec. 



Short communications 917 

taken at different times. In a double extraction 91 f 3 % of the tellurium and selenium passes into 
the organic phase. No activity loss due to dissolution or complex destruction was observed. In 
the separation of tellurium from selenium, 4-5 % of the tellurium activity is lost. Thus, about 90% 
of the selenium and 85 ‘A of the tellurium can be isolated. 

The sensitivity by the destructive method was found to be. 10-8g, with f20% error, for both 
impurities. The sensitivity of the non-destructive method utilizing the 164XkeV “rmSe activity is 
lo4 g (f30% error) as compared with 5 x lea g (f300/,) obtainable from %a. The latter pro- 
cedure, however, requires cooling times from 2 to 3 months to eliminate the interference from “As 
(Fig. 2). Tellurium can be determined under the same conditions down to 10-O g (&30 %) from the 
159 keV l*bTe activity if the selenium contamination of the sample is less than 5 x 1O-8 g. 

Research Institute for Telecommunication 
Hungarian Aca&my of Sciences, Budapest 

Research Institute for Technical Physics 
Hungarian Acadenry of Sciences, Budapest 

H. RAUSCH 

A. SALAhlON 

Summary-Destructive and non-destructive activation analysis for 
selenium and tellurium has been studied. In destructive analysis the 
selenium and tellurium activities are co-extracted from the irradiated 
and dissolved matrix elements with dithizone/CCl, reagent in a hot- 
chamber by remote manipulation, then separated from each other by 
diethvlammonium-N,N-diethyldithiocarbamate/CCl. extraction, tellur- 
ium going into the organic phase and selenium being retained by the 
aaueous phase. The sensitivity of the method is lo-sa for both 
eliments.’ By non-destructive methods, selenium can be ydetermined 
down to lo-Og on short irradiation, and down to 3 x 1O-8 g on long 
irradiation and cooling, and tellurium down to 10-O g with long 
irradiation and cooling. 

Zusammenfassung-Die aktivierungsanalytische Bestlmmung von 
Selen und Tellur mit und ohne Zerstiirung wurde untersucht. Bei der 
zerstiirenden Analyse werden die Selen- und Teller-Aktivitiiten 
gemeinsam aus den bestrahlten und gel&ten Begleitelementen mit 
Dithlzon/CCl, in einer “heiOen Kammer” mit Fembediemmg extra- 
hiert; dann werden sie durch Extraktion mit Di~thylammonium- 
N,N-diitthyldithiocarbamat/CCl, voneinander getrennt, wobei Teller in 
die organ&he Phase geht und Selen in der wU&igen Phase bleibt. Ftir 
beide Elemente betriigt die Empfindlichkeit der Methode 10-* g. Mit 
zerstiirungsfreien Methoden 1aPt sich Selen bei kurxer Bestrahhmg bis 
10-O g bestimmen, bei langer Bestrahhmg und AbkUhhmg bis 3.10-O g, 
Tellur bis 10-O g bei langer Bcstrahlung und Abkiihlung. 

R&um&Gn a etudib l’analyse par activation destructive et non 
destructive pour le s&nium et le tellurium. Dam Panalyse destructive, 
on co-extrait les activitC du s&nium et du tellurium a partir des 
elements irradies et dissous de la gangue au moyen du reactif dithizone/ 
Ccl, dans une chambre chaude par manipulation a distance, puis les 
s&pare l’une de l’autre par extraction au N,N-di6thyldithiocarbamate 
de di6thylammonium/CCI,, le tellurium passant dans la phase organ- 
ique et le s&nium &ant retenu par la phase aqueuse. La sensibilite de 
la m6thode est de 1O-8 g pour les deux Uments. Par les m6thodes non 
destructives, on peut doser le s&nium jusqu’a lo-*g par courte 
irradiation et jusqu’a 3 x 1Oe8 g par longue irradiation et refroidisse- 
ment, et le tellurium jusqu’a lo-“g par longue irradiation et re- 
froidissement. 
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Determination of lanthanum by flame photometric titration 

(Received 15 January 1968. Accepted 16 April 1968) 

DETAILED studies have shown that in some flame photometric interferences there is a linear relation- 
ship between emission and the concentration of interferant, up to a limiting value of the latter, 
and no change in emission at higher concentrations of interferant. The limiting concentration 
usually corresponds to a simple stoichiometric compound formed from the two reactants. This may 
be called a stoichiometric interference, and has been studied by Fukushimal who tried to explain the 
nature of these apparently chemical reactions. Yofe and Finkelstein* even applied the laws of 
chemical equilibria to such phenomena, Erdey et al.” described a method for the determination of 
phosphate, based on the shift caused in the equilibrium by addition of a third reactant, and Erdey 
and Svehla’ determined calcium by “flame photometric titration”. Although not free from inter- 
ferences, such a titration offers an increased selectivity because the wavelength of emission is 
characteristic of the emitting species. In a study of the flame photometry of lanthanum we found 
another stoichiometric interference and therefore examined the possibility of titration of lanthanum 
with phosphate. 

EXPERIMENTAL 

Solutions 

Lanthanum chloride. Stock solution, 0.lM, prepared from lanthanum chloride heptahydrate 
and standardized complexometrically, and further diluted to 0.OlM, O*OOlM and 1000 ppm of La. 

Diammonium hydrogen phosphate, O*lM. Further diluted to O*OlM and OOOlM. 
Zirconyl chloride, thorium chloride, cerium(III) chloride and aluminium chloride, @lM, Prepared 

from the hydrated salts. Titanium(ZZZ) chloride, O*lM, prepared from commercial titanium chloride 
solution. Yttrium chloride, 0.lM, prepared by dissolving yttrium oxide in hydrochloric acid. 

The Unicam SP 90 combined emission and absorption flame photometer was used with an 
acetylene-air flame. Recommended settings are, acetylene flow-rate 900 ml/min, air flow-rate 
5 l./min, wavelength 560 rnp, slit-width 0.1 mm, burner height 2 cm, lowest damping. 

Consumption of sample 

The rate of consumption of solution under the conditions used is about 4.5 ml/min. The minimum 
time needed for full g&vanometer response to a change in signal was 1 set at the lowest damping 
setting (1). We read the maximum deflection after 1.2 sec. With 12 readings per titration the total 
consumption was about 1 ml, i.e., 2% of the initial volume (50 ml). Since most of these readings 
were near the end-point the negative error was reduced because most of the solution had already 
been “titrated”. If the titration is repeated with as few readings as possible before the end-point 
this error can be decreased considerably. 

interference by phosphate with lanthanum emission 

The suppressing effect of phosphate on the Bame emission of lanthanum was reported by Menis 
and Rains,5 and Yofe et al.% but its stoichiometric nature was not pointed out. We prepared a set 
of O*OlM lanthanum solutions each containing 10 ml of hydrochloric acid (1 + 1) per 100 ml to 
prevent precipitation. Various amounts of phosphate were added and the solutions were diluted 
to tinal volume; the final phosphate concentration ranged up to 0.02M. The emission of each 
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Determination of lanthanum by flame photometric titration 

(Received 15 January 1968. Accepted 16 April 1968) 

DETAILED studies have shown that in some flame photometric interferences there is a linear relation- 
ship between emission and the concentration of interferant, up to a limiting value of the latter, 
and no change in emission at higher concentrations of interferant. The limiting concentration 
usually corresponds to a simple stoichiometric compound formed from the two reactants. This may 
be called a stoichiometric interference, and has been studied by Fukushimal who tried to explain the 
nature of these apparently chemical reactions. Yofe and Finkelstein* even applied the laws of 
chemical equilibria to such phenomena, Erdey et al.” described a method for the determination of 
phosphate, based on the shift caused in the equilibrium by addition of a third reactant, and Erdey 
and Svehla’ determined calcium by “flame photometric titration”. Although not free from inter- 
ferences, such a titration offers an increased selectivity because the wavelength of emission is 
characteristic of the emitting species. In a study of the flame photometry of lanthanum we found 
another stoichiometric interference and therefore examined the possibility of titration of lanthanum 
with phosphate. 

EXPERIMENTAL 

Solutions 

Lanthanum chloride. Stock solution, 0.lM, prepared from lanthanum chloride heptahydrate 
and standardized complexometrically, and further diluted to 0.OlM, O*OOlM and 1000 ppm of La. 

Diammonium hydrogen phosphate, O*lM. Further diluted to O*OlM and OOOlM. 
Zirconyl chloride, thorium chloride, cerium(III) chloride and aluminium chloride, @lM, Prepared 

from the hydrated salts. Titanium(ZZZ) chloride, O*lM, prepared from commercial titanium chloride 
solution. Yttrium chloride, 0.lM, prepared by dissolving yttrium oxide in hydrochloric acid. 

The Unicam SP 90 combined emission and absorption flame photometer was used with an 
acetylene-air flame. Recommended settings are, acetylene flow-rate 900 ml/min, air flow-rate 
5 l./min, wavelength 560 rnp, slit-width 0.1 mm, burner height 2 cm, lowest damping. 

Consumption of sample 

The rate of consumption of solution under the conditions used is about 4.5 ml/min. The minimum 
time needed for full g&vanometer response to a change in signal was 1 set at the lowest damping 
setting (1). We read the maximum deflection after 1.2 sec. With 12 readings per titration the total 
consumption was about 1 ml, i.e., 2% of the initial volume (50 ml). Since most of these readings 
were near the end-point the negative error was reduced because most of the solution had already 
been “titrated”. If the titration is repeated with as few readings as possible before the end-point 
this error can be decreased considerably. 

interference by phosphate with lanthanum emission 

The suppressing effect of phosphate on the Bame emission of lanthanum was reported by Menis 
and Rains,5 and Yofe et al.% but its stoichiometric nature was not pointed out. We prepared a set 
of O*OlM lanthanum solutions each containing 10 ml of hydrochloric acid (1 + 1) per 100 ml to 
prevent precipitation. Various amounts of phosphate were added and the solutions were diluted 
to tinal volume; the final phosphate concentration ranged up to 0.02M. The emission of each 
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FIG. 1 .-Variation of lanthanum emission at 560 rnp with phosphate concentration. 

solution was measured at gain 54 and damping 2 and the readings were taken when steady. The 
results, plotted in Fig. 1, show a sharp intersection, termed the stoichiometric point, which corre- 
sponds to a 1:l molar ratio between lanthanum and phosphate, indicating formation of LaPO,. 
These. conditions are suitable for a flame photometric titration. 

Titration of lanthanum with phosphate 

Because of the design of the instrument used we were obliged to remove the sample from it 
between additions of titrant but this did not cause much inconvenience. We added the titrant in 
suitable increments and took galvanometer readings after each addition. Titration curves obtained 
with 0.1 and O.OlM solutions are shown in Fig. 2. 

The end-point is reached when there is no further change in the emission and can be determined 
quite easily without the titration curve being drawn. The results of titrations of 0.1, 0.01 and OGOlM 
lanthanum, shown in Table I together.with those for “unknowns,” indicate that accuracy and 
precision are both reasonable; the simplicity and rapidity offer advantages over other methods. 
The titration gives more precise results than the direct flame photometric determination of lanthanum, 
but reproducibility decreases considerably if ONtlM titrant is used. 

At the start of the titration the gain has to be adjusted to yield a full-scale reading (9&100°~. 
The readings near the end-point then become very low (say 10 %) but can be. increased by increasing 
the gain. The sensitivity is thus enhanced and the accuracy of end-point detection increased (Fig. 2). 

Effect of foreign ions 

We examined the effect of those metal ions which seriously interfere with the complexometric 
titration, namely cerium(III), yttrium, zirconium, titanium(III), thorium and aluminium, using them 
in about the same concentration as the lanthanum. Titrations with O*lM titrant showed that cerium 
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FIG. 2.-(u) @-Flame photometric titration curve of 2000 ml of 0*1&f L&I8 titrated with 
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TABLE I.-RESULTS OF FLAME PHOTOMETRIC TITRATION OF LA- 

981 

L.&Is solution taken Titrant used Std. devn., 
M ml M ml ml 

0.1 20*00 

15*00 

10.00 

5.00 

0.01 20.00 

15.00 

10.00 

5.00 

O-001 20.00 

‘L Unk?lowns” 
0-l 17.5 

8.3 
8.2 

15.6 
6.7 

14.3 

0.1 20.0 
20.3 
20-o 
14.8 
15.0 
10.0 
10.0 

5.0 
5.0 

0.01 20-o 
19.2 
19.4 
14.0 
14.5 
10.0 
10.7 

::z 

0.001 19.0 
19.5 

0.1 17.4 
8-O 
7.8 

15.5 
7.0 

14.1 

19.6 0.3 
19.8 
19.5 
15.5 

10.25 

5.15 

19.0 
20.4 
20.5 
14.5 

10.0 

49 

18.0 
21.4 

0.6 

and yttrium (and presumably other tervalent rare earth metalions) seriously interfere, but titanium(LI1) 
and zirconium show no interference at all. If thorium and aluminium are present the horizontal of 
the titration curve becomes oblique but is still a well-de6ned line: in that case, the end-point can 
only be determined reliably if the titration curve is plotted, 

Procedure 

Take a solution containing 70-300 mg of lanthanum, acidify it with 10 ml of hydrochloric acid 
(1 + 1) and dilute it with water to 50 ml. Titrate the solution with 0.1M diammonium hydrogen 
phosphate with constant stirring and take Same photometric emission readings from time to time, 
with the gain set to give initial full-scale deflection, until there is no further decrease in the emission 
readings. Determine the end-point graphically or from the readings themselves. If possible, carry 
out a second titration, adding about 80% of the titrant in one batch, before starting to take emission 
readings, with the gain set to give full-scale deflection at this point. 

One ml of 0.1M diammonium hydrogen phosphate is equivalent to 13.9 mg of lanthanum. 
Solutions containing 7-70 mg of lanthanum can be titrated in a similar way with O*OlM titrant 

but with reduced accuracy. 
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Summary-The flame emission of lanthanum at 560 rnp decreases 
linearly with phosphate concentration until a 1:l molar ratio is 
reached, and then remains practically constant. Lanthanum can be 
titrated with phosphate, the equivalence point being detected from the 
change in emission intensity. Errors due to consumption of solution 
by th; atomizer can be kepclow by using short spraying times and low 
galvanometer damping. The average error is about -1% for O-1 M 
solutions and less’th& -5 % for %*OlM. The method’ gives good 
results in the presence of titanium(III), zirconium, thorium and 
ahuninium but cerium(II1) and yttrium seriously interfere. 

Zusammenfassnag-Die Flammenemission von Lanthan bei 560 nm 
Wilt linear mit der Phosphatkonzentration ab bis zum Molverhlltnis 
1 : 1 und bleibt dann praktisch konstant. Lanthan kann mit Phosphat 
titriert werden, wobei der Aquivalenzpunkt aus der Intensitatslnderung 
der Emission bestimmt wird. Fehler, die auf Lbsungsverluste im 
Zerstauber zuriickgehen, lassen sich mit kurzen Sortihzeiten und 
geringer D&npfuni des Galvanometers klein halten. Der durch- 
schnittliche Fehler ist bei O.lM Lijsuneen etwa -lo/, und bei 0.01 M 
Liisungen weniger als -5 o/b. Die Merhode liefert in Gegenwart von 
Titan(III), Zirkonium, Thorium und Aluminium einwandfreie Werte; 
Cer(II1) und Yttrium stijren dagegen betrachtlich. 

R&nn&-L’emission de flamme du lanthane a 560 rnp d&xoPt lin&aire- 
ment avec la concentration en phosphate jusqu’a ce qu’un rapport 
molaire 1:l soit atteint, puis reste pratiquement constante. On peut 
titrer le lanthane par le phosphate, le point d’equivalence &ant detect6 
par le changement dans l’intensite d’emission. Les erreurs dfies a la 
consommation de solution par l’atomiseur peuvent &tre maintenues 
faibles en utilisant de courts temps de pulverisation et un faible 
amortissement du galvanometre. L’erreur moyenne est d’environ - 1% 
hour des solutions 0,lM et de moins de -5 “/, Dour O.OlM. La 
bethode donne de b&s resultats en la presence-de titane (III), zir- 
conium, thorium et aluminium, mais le c6rium (III) et l’yttrium 
interferent serieusement. 

REFERENCES 

1. S. Fukushima, Mikrochim. Acta, 1959, 596. 
2. J. Yofe and R. Finkelstein, Anal. Chim. Acta, 1958, 19, 166. 
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Improvement of the sensitivity of molybdenum and tungsten determination 
in niobium and tantalum* 

(Received 6 February 1968. Accepted 13 March 1968) 

IN RECENT years, great strides have been made in producing refractory metals of extraordinary 
purity. In 1962, the dithiol method for determining molybdenum and tungsten in niobium was intro- 
duced*.’ to cover the 50-1000 ppm range. Now, only five years later, commercially produced nio- 
bium frequently contains only a small fraction of the amounts of molybdenum and tungsten for 
which the method was designed. In addition, application of the method to the determination of 

* Work performed in part under Air Force Contract F33615-67-C-1524. 
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Improvement of the sensitivity of molybdenum and tungsten determination 
in niobium and tantalum* 
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IN RECENT years, great strides have been made in producing refractory metals of extraordinary 
purity. In 1962, the dithiol method for determining molybdenum and tungsten in niobium was intro- 
duced*.’ to cover the 50-1000 ppm range. Now, only five years later, commercially produced nio- 
bium frequently contains only a small fraction of the amounts of molybdenum and tungsten for 
which the method was designed. In addition, application of the method to the determination of 
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molybdenum and tungsten in tantalum has been difficult because of excessive hydrolysis of tantalum 
during various stages of the procedure. For these. reasons, it was found necessary to modify the 
method extensively to handle large sample weights of both niobium and tantalum. 

Reagents 

EXPERIMENTAL 

Dithiol, 05% solution. Break a 5-g vial of reagent under the surface of 500 ml of IM sodium 
hydroxide and stir till dissolved, heating to 35” if necessary. Add 10 ml of thioglycollic acid, dilute to 
1 litre and store in 4-0~ polythene bottles in the refrigerator. 

Titanium(M) sulphate solution. Add 175 ml of water and 25 ml of cont. sulphuric acid to 1 g 
of titanium sponge in a 250-ml volumetric flask and heat in a boiling water-bath till dissolution is 
complete. Cool and dilute to volume. Prepare fresh before use. 

Procedure 

Weighasample of niobiumortantalumexpectedtocontain5-75pg of molybdenum and or tungsten 
into a 200-ml Teflon beaker. Dissolve the sample in 25 ml of cont. hydrofluoric acid with dropwise 
addition of cont. nitric acid. Evaporate to a syrupy consistency on a steam-bath or under an infra- 
red lamp. Add 10 ml of cont. hydrofluoric acid and 5 ml of cont. hydrochloric acid and repeat the 
evaporation. If the amount of sample taken is 5 g or less, omit the procedure in the next paragraph. 

Add the minimum amount of 4h4 hydrochloric acid-5M hydrofluoric acid (“acid mixture”) 
required to obtain a clear solution after warmine (a 10-e samnle reauires about 120 ml). Cool to 
below 25” and transfer to a polyethylene separa?ory-f&e1 c&tai&g 200 ml of isobutyl methyl 
ketone (IBMK). nreviouslv eauilibrated with the acid mixture. Add a few drons of Methvl Oranpe 
(to aid in distir@ishhrg the layers in the translucent funnel) and shake the funiel for at l&stln$~ 
Drain the aqueous layer back into the original beaker. Wash the organic phase twice with 25 ml 
portions of the acid mixture, adding the washings to the original beaker. Evaporate to a syrupy 
consistency. 

Add 10 ml of cont. sulphuric acid and 75 ml of the acid mixture to the syrupy solution obtained 
in either step above. Cover the beaker with a sheet of polyethylene held tightly in place with a rubber 
band and heat on a steam-bath until a clear solution is obtained. Remove the cover and add @I g 
of hydroxylamine hydrochloride and 10 ml of dithiol reagent.lJ Heat for an additional 25 min, 
then cool to room temperature. 

Add the sample solution to 10 ml of carbon tetrachloride already in a glass senaratorv-funnel 
and shake it for at least 1 min. 

& I 
Drain all but a few drops of the organic-phase &to a 25ml volumetric 

flask. Wash the aqueous vhase with two 7-ml nortions of carbon tetrachloride. addine the washines 
to the flask. Drainthe aqieous phase into the briginal Teflon beaker for the tungsten determination. 
Add a few crystals of anhydrous sodium sulphate to the volumetric flask and dilute to the mark with 
carbon tetrachloride. Measure the absorbance of the solution at 680 rnp in 2-cm cells against the 
solvent as reference. For amounts of molybdenum between 80 and 150 ,ug, l-cm cells may be used. 
Calibrate over the range 5-80 pg of molybdenum by adding standard soiuiion to beakers containing 
75 ml of acid mixture and 10 ml of cont. sulnhuric acid and develonine the molvbdenum dithiol 
colour as directed above. 

* I Y , 

Add 25 ml of 0.4 % titanium(II1) sulphate solution, Is2 70 ml of cont. hydrochloric acid and 10 ml 
of dithiol reagent’s2 to the aqueous solution reserved for the tungsten determination. Heat for 30 
min on a steam-bath, then cool to room temperature. Extract and measure as for molybdenum but at 
640 rnp. Use l-cm cells for > 100 pg of tungsten. Calibrate over the range 5-80 ,ug of tungsten by 
adding standard solution to plastic beakers containing 75 ml of acid mixture, 10 ml of wnc. sulphuric 
acid and 70 ml of cont. hydrochloric acid, adding titanium(II1) and dithiol, and extracting. 

Sensitivity 

DISCUSSION 

Because sample weights of 10 g or more can be used, the opthmun range has been extended to 
as low as O-5 ppm of molybdenum and/or tungsten in niobium. In addition, the hydrofluoric-hydro- 
chloric acid medium permits analysis of tantalum for molybdenum and tungsten by the same method. 

Preliminary removal of niobium or tantalum 

We have found that a single extraction with isobutyl methyl ketone from the mixed acid medium 
will remove all but 500 mg of niobium or 100 mg of tantalum from 10 g of metal. Recoveries of 
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molybdenum and tungsten are 98%. Although an increase in the hydrochloric acid concentration 
would result in a more complete removal of niobium, the loss of molybdenum would become signi- 
ficant. The amounts of niobium or tantalum remaining after a single extraction cause no interference 
in the suggested procedure. 

Hydro@oric acid-hydrochloric acid medium 

More than 5 g of niobium or tantalum can be kept in solution with 75 ml of an acid mixture that 
is 4M in hydrochloric and SM in hydrofluoric acid. After addition of sulphuric acid and dithiol 
reagent, the acid concentrations in the medium are HISO 1*9M, HC132M and HF 4OM. The total 
acidity of this medium is 1 l-ON, very nearly the same as the lO*ON utilized in the earlier method for 
molybdenum determination. However, the relative proportions of the various acids are quite different. 
The dithiol complex of molybdenum is not formed as rapidly in the suggested medium but once 
formed it is more readily extracted. Thus with the 2Sminute heating period recommended, as much 
as 5 mg of molybdenum can be extracted away from traces of tungsten. In the original medium, no 
heatingwas required but only about OS mg of-molybdenum could ‘6e extracted. Th; medium sugges- 
ted for formation of the tunesten dithiol comnlex is 9*8N in total aciditv. l*lM H.SO,. 57M HCI 
and 1*9M HF. Again, the &dity is the sami as in the earlier method bit the propo&ons of the 
constituents have been altered to hold large samples of niobium and tantalum in solution. 
has no observable effect on the formation of the tungsten dithiol complex. 

This change 

Effect of sulphuric acid 

In the absence of sulphuric acid, 2 hr are required for full development of the molybdenum colour, 
and only 75 ‘A of the tungsten colour is developed after 3 hr. The need to add sulphuric acid may 
involve complexing of niobium and tantalum, since in the absence of these two elements, both the 
molybdenum and tungsten dithiol colours develop rapidly and completely even in the absence of 
sulphuric acid. 

Effect of hydrochloric acid 

Additional hydrochloric acid is required to provide a suitable medium for the formation of the 
tungsten-dithiol complex. Addition of 65 ml or more of the cont. acid ensures rapid and complete 
colour development; only 78 % of the colour is obtained when SO ml are added. 

Determination of tungsten after molybdenum 

In the original methodl*n the aqueous phase remaining after the molybdenum determination was 
evanorated to fumes of suluhuric acid and treated with nitric acid to destroy residual organic matter. 
Thii step was time-consu&ng and troublesome, particularly when sample; larger than-the specified 
1 SO mg were to be analysed. We have found that residual organic matter causes no difficulty in the 
tungsten determination and that the evaporation can be omitted. 

Handling of hydrofluoric acid solutions in glass funnels 

The simple expedient of adding the heavy solvent, carbon tetrachloride, to the funnel before 
addition of the sample solution effectively prevents hydrofluoric acid attack on the stopcock. The 
same funnel may be used for several hundred determinations before attack of the stop-cock seat 
becomes noticeable. 

RESULTS 

The suggested method was applied to the determination of molybdenum and tungsten in samples 
of niobium and tantalum from the AGARD (Advisory Group for Aerospace Research and Develop- 
ment of NATO) programme. In addition, to cover a wider range, molybdenum and tungsten-free 
solutions of niobium were prepared by treating hydrochloric-hydrofluoric acid solutions of high- 
purity niobium with IBMK and stripping the niobium with water. 

Lea&x and Company 
359 Alfred Avenue 
Teaneck, New Jersey, U.S.A. 

S. KALLMANN 
E. W. HOBART 
H. K. OBERTHIN 
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TABLE I.--RESULTS OF ANALYSIS 

985 

Sample, g 
MO W 

MO present, added, MO found, W present added, W found, 

& I% pg &? pg % 

Nb lO*t <l 

Nb 5* tl 

Nb 5* <l 

Nb5 2 

Nb5 2 

Nb lot 4 

Nb lot 4 

Nb5 90 

Ta 5 4 

Ta 5 4 

Ta lot 8 

Ta lot 8 

20 

20 

60 
- 

50 
- 

50 
- 
- 

50 
- 

50 

198 <l 

20.2 <I 

61.2 tl 

2.3 175 

53.4 175 

3.7 350 

55.2 350 

91.4 7ooo 

3.8 12.5 

55.2 12.5 

7.5 25 

59.0 25 

25 

25 

75 
- 
- 
- 
- 
- 
- 

75 
- 

75 

24.7 

25.2 

73.9 

173.4 

175.8 

$ 

$ 

$ 
13.3 

89.4 

263 

100.7 

* Molybdenum and tungsten-free solutions of niobium were prepared by extracting 4M HCl-5M 
HF solutions of the sample with IBMK, and stripping with water. 
with known amounts of molybdenum and/or tungsten. 

The solutions were then spiked 

t The bulk of the niobium or tantalum was removed by preliminary IBMK extraction, as de- 
scribed in the procedure. 

$ Tungsten not determined. 

Summary-A more sensitive dithiol method is described for determin- 
ation of as little as 0.5 ppm molybdenum and tungsten in high-purity 
niobium and tantalum. The increased sensitivity is achieved by taking 
a much larger sample and extracting the bulk of the Nb or Ta into 
isobutyl methyl ketone. Selective extraction then separates MO and W. 

Zusammenfassnng-Eine empfindlichere Dithiolmethode xur Bestim- 
mung von 0,5 ppm Molybd&n und Wolfram in hochreinem Niob 
und Tantal wird beschrieben. Die erhtihte Empfindlichkeit wird 
erreicht durch Verwendung einer vie1 gro8eren Probe und Extraktion 
der Hauptmenge Niob oder Tantal in Isobutylmethylketon. Selektive 
Extraktion trennt dann Molybdsln und Wolfram. 

R&nnLOn d&rit une mdthode dithiol plus sensible pour le dosage de 
quantit6s aussi petites que 0,Sp.p.m. de molybdbne et de tungstene dans 
le niobium et le tantale de haute pure& La sensibilitl accrue est 
atteinte en prenant un &chantillon beaucoup plus important et en 
extrayant la masse du Nb ou du Ta en methylisobutylc&one. Une 
extraction selective &pare alors MO et W. 

REFERENCES 
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Photometric determination of palladium with dimethylsulphonazo III 

(Received 7 February 1968. Accepted 2 March 1968) 

ALMOST all known 3,6-bisarylazo derivatives of chromotropic acid (4,5-dihydroxy-2,7-naphthalene- 
disulphonic acid) give a very sensitive colour reaction with palladium(II).l Several of them have 
been recommended for photometric determination of this element .2--4 Unfortunately these reactions 
are usually very unspecific so they are not very useful though this is not true of “Palladiazo”.* The 
selectivity of their photometric reactions is modified advantageously by introduction of a suitable 
substituent into the ortho position (to the azo group) of the benzene ring. Of all the tested substituents 
(phosphor&, arsenic, stibonic, boronic, carboxyl, sulphonic, hydroxy, mercapto and aminomethyl 
groups), the sulphonic acid group appears the most favourable for the determination of palladium(H). 
The general photometric properties of a series of 3,6-bis(2-sulphophenylazo) derivatives of chromo- 
tropic acid have been reported recently.s Dimethylsulphonazo III, 3,6-bis (4-methyl-2-sulphophenyl- 
azo)-4,5-dihydroxy-2,7-naphthalenedisulphonic acid, appears to be the best of this group of reagents. 
Dimethylsulphonazo III reacts with palladium(H) in the range of acidity O*Ol-OQiV (perchloric, 
hydrochloric or nitric acid) to give a complex with a molar absorptivity of 4.0 x 104 at 620 rnp. 
Thorium, zirconium and hafnium interfere but can be masked by fluoride. 

Reagents 
EXPERIMENTAL 

Dimethylsulphonazo 111 solution, 2.00 x 10-4M, was prepared by dissolution of 197 mg of the 
chromatographically pure (RF = 0.38; solvent system of 2M ammonia saturated with isobutanol) 
decahydrate of the tetrasodium salt in 1 litre of water, Ammonium fluoride and the nitrate or per- 
chlorate salts of various metal ions (30 in all) were used as IO-$M solutions. 

Procedure 

Add 7 ml of lo-$M ammonium fluoride to a sample solution containing 0.01-0.40 pmole of palla- 
dium(I1). Adjust the volume of solution to 20 f 2 ml and the acidity to 0.0125-0.25N (perchloric, 
nitric or hydrochloric acid). Add 2.50 ml of 2.00 x 10-4M dimethylsulphonazo III, mix, and dilute 
to 25.00 ml with water. Measure the absorbance against a reagent blank solution at 620 my in 
l-cm cells. 

RESULTS AND DISCUSSION 

Examples of several practical determinations are given in Table I. Of the ions investigated, 1O-3 
pmole of zirconium, hafnium, chromium(II1) and barium interfere. Lead:II), mercury(H), beryllium, 
thorium, vanadium(V), uranium (VI), bismuth, platinum(IV), molybdenum(VI), gold(III), and 
ruthenium(IV) interfere when present amounts of 5 x 1O-3 pmole. Other ions in amounts up to 
5 pmole do not interfere. Cyanide, EDTA, DCTA and DPTA interfere seriously in amounts above 
2 x 1O-4 pmole. 

Palladium(I1) forms a 1 :l complex with dimethylsulphonazo III (continuous variation and mole- 
ratio methods). The error of the method described does not exceed f 5 %. 

Nuclear Research Institute 
Czechoslovak Academy of Sciences 

&i near Prague, Czechoslovakia 

B. BUDi%fNsK+ * 
B. MENCLOVP; 

Summary-A sensitive and selective photometric determination of 
palladium(H) with dimethylsulphonazo III has been worked out. T’he 
effect of many other ions has been investigated. 

Zusammenfassung-Eine selektive und empfindliche spektral photo- 
metrische Bestimmung von Palladium (II) mittels Dimethylsulfonazo 
III wurde auseearbeitet. Der stiirende Einlluss von zahlreichen Ionen 
wurde unter&ht. 

R&m&On a mis au point un dosage photom&rique sensible et 
s&&if du palladium(I1) au moyen de dim&hylsulfonazo III. On a 
6tudiB l’influence de nombreux autres ions. 

* Temporary address: Chemistry Department, Imperial College, London S.W.7. 
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Table I.-Determination of palladium(I1) 

987 

Pd taken, 
pmole Added, ,umole 

Pd found, 
pmole 

Pd taken, 
pmole Added, .umole 

Pd found, 
pmole 

0.020 
0.100 
0.200 
0.300 
0400 
0.100 
0.100 
0.100 
0.200 
0.200 
0.200 
0.200 
0,200 
0.200 
0.200 
0.200 
0.200 
0.100 
0.100 
O*lOO 
0.100 
0.100 
0.100 
0.200 
0.200 
0.200 
0.100 
0.100 
O*lOO 
0.200 
0.200 
0.200 
0.100 
0.100 
0.100 
0.200 
0.200 
0.200 
0.100 
0.100 
O*lOO 
0.200 
0.200 
0.200 
0.100 
0.100 
0.100 
0.200 
0.200 
0.200 
O-100 
0.100 
0.100 
0.300 
0.300 
0.300 
0.200 
0.200 
0.200 

Pb 

- o-399 
0.001 0.099 

Mn(I1) 

Be 

La 

H&II) 

Zr 

Th 

V(VYt 

UW) 

Bi 

0+)03 0.102 
0.005 0.107 
1 0.200 
5 0.201 

10 0.202 
0.001 0.199 
0.003 0,205 
0.005 0.212 
1 0.201 
5 0205 

10 0.208 
O+KU 0.099 
0.003 0.103 
0.005 0107 

10-d 0.101 
5 x 10-P 0.103 

0*001 0.106 
0.001 0.203 
@003 0.207 
0005 0.212 
O*OOl 0.102 
o+lO3 0.104 
0.005 0.107 
0.001 0.199 
0.003 0.205 
O+lO5 0.212 
O+Ol 0.099 
0.003 0,103 
0.005 0.107 

Ba lo-’ 0.202 
5 x 10-d 0.208 

10-s 0.213 
Co(U) 

Ni 

Al 

Cu(I1) 

1 0.101 
5 0.103 

10 0.104 
1 0.202 
5 0.202 

10 0.205 
1 @lOl 
5 0.102 

10 0.102 
1 0.203 
3 0.204 
5 0208 

Mg 1 @099 
10 0.102 

Ru(Iv) 

Sr 

100 0.103 
0.001 O-303 
0.003 0.309 
0.005 0.318 
1 0.200 
3 0.206 
5 0.209 

- 0.020 
- 0.099 
- 0.201 
- 0.301 

0.100 
O*lOO 
0.100 
0.100 
0.100 
0.100 
0.300 
0.300 
0.300 
0.200 
0.200 
0.200 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.200 
0.200 
0.200 
0.100 
0.100 
0.100 
0.200 
0.200 
0.200 
0.200 
0.200 
@200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.200 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 
0.100 

Ge(IV) 
: 

10 
Nb(V)* 1 

5 
10 

Cd 1 
10 
50 

Zn 1 
10 
50 

KHpPOA 10-S 
0.1 
1 

Na-citrate 1 
5 

In 1 
5 

10 
Ca 1 

5 
10 

Pt(Iw O*OOl 
0.003 
0.005 

MoWI) lT owl 
0.003 
o+lO5 

Au(III):: 0.001 
0.003 
0.005 

Fe(II1) 1 
3 
5 

Cr(II1) lo-’ 
0901 
O*OlO 

&SO, 0.1 
1 
5 

NaaCaOI 1 
3 
5 

CIH60sK 0.1 
1 
5 

EDTA 10-b 
10-k 

2 x 10-k 
DCTA 10-s 

lo-” 
2 x 10-d 

DPTA 10-S 
10-d 

2 x 10-P 
KCN 10-S 

10-e 
2 x 10-d 

0.101 
0.103 
0.104 
0.099 
0.100 
0.104 
0301 
0.305 
0.310 
0.199 
0.203 
0.207 
0.099 
0.102 
0.104 
0.102 
0.106 
0.101 
0.102 
0.103 
0.100 
0.102 
0.106 
0.099 
0.103 
0.107 
0.202 
0.207 
0.212 
0.099 
0.103 
0.107 
0.201 
0.205 
0.207 
0.206 
0.185 
0.167 
0.201 
0.204 
0.200 
0.198 
0,195 
0.197 
0.097 
0.095 
0.092 
0.099 
0.097 
0.094 
0.101 
0.096 
0.092 
0.098 
0.097 
0.093 
0.097 
0.096 
0.093 

* Potassium metaniobate. t Ammonium metavanadate. $ Chloride. 7 Ammonium molybdate. 
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Extractive photometric determination of cobalt with Acid Monochrome Green S 

(Received 9 November 1967. Accepted 26 February 1968) 

IN AN earlier general study Isa it was found that butanol extracts from neutral or weakly alkaline solu- 
tion the complex of cobalt with Acid Monochrome Green S. This extraction procedure has now 
been developed into a quantitative method for cobalt determination. 

Reagents 

EXPERIMENTAL 

Cobalt(ZZ) chloride solution. 3.4 x lo-‘M. 
Acid Monochrome Green S, @2 % aqueous solution. The purity of the reagent was checked by paper 

chromatography with chloroform-ethanol (1: 1); a single spot was obtained (viewed in visible and 
ultraviolet light). 

NO, OH 
\ / OH NH, 

,o-N=N-o3 M&F;me 

NO, I (C.I.17125) 

SO,H 

Sodium chloride, 4M. Prepared in the borate buffer used for pH regulation (O.lM hydrochloric 
acid and O*OSM borax for pH 7-9.2; O*lM sodium hydroxide and O*OSM borax for pH 9.3-12.4; 
for pH 10,600 ml of borax solution and 400 ml of sodium hydroxide solution). 

Analytical grade reagents were used whenever possible. 

Procedure 

Dyestuff solution (0.75 ml) was added to cobalt solution (0.75 ml) tagged with Wo tracer and 
the mixture was diluted to 5 ml with pH 10 buffer. The initial reagent concentrations were cobalt 
5.1 x 10-6M, dyestuff 6.4 x lo-‘M. The solution was shaken for 30 set with 5 ml of butanol in a 
test-tube with a ground-in stopper, the phases were allowed to separate, and then 3 ml of each phase 
were withdrawn into glass test-tubes and the activity was measured in a scintillation counter with an 
NaI(T1) crystal. The>xperiment was repeated with various amounts of sodium chloride added as a 
solution in the buffer used. The distribution coefficient E and the decree of extraction R were cal- 
culated. Photometric measurements were made in l-cm cells, and th;pH of the aqueous phase at 
equilibrium was measured with a pH meter. 

RESULTS 

The degree of extraction was found to be maximal at pH 9.5-11.5, and the pH was therefore 
kept at 10 for further studies. The equilibrium pH was not signiticantly different from the initial pH. 
The extraction was enhanced by the presence of sodium chloride (for discussion of influence of neutral 
salts on chelate extraction see Zolotov et al.“), cobalt being almost completely extracted (98-99 %) in 
one extraction when the sodium chloride concentration exceeded 1*5M, but only 70% extracted in the 
absence of the salt. In the presence of sodium chloride the degree of extraction was constant when the 
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RESULTS 
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absence of the salt. In the presence of sodium chloride the degree of extraction was constant when the 



Short communications 989 

dvestticobalt ratio exceeded 10 (see Fie. 1). The sodium chloride concentration was kept constant 
ai 1*6Mfor further work. . ” 

The radiometric experiments showed that the extraction is practically instantaneous, there being 
no chance in the decree of extraction when the shaking-time was varied from 30 set to 1 hr. On the 
other h&d, the ab&bance of the extract (measured&@nst a reagent blank obtained with 30-set 
extraction) increased with increase in shaking-time, becoming constant only for shaking-times 
longer than 30 min. We attribute this to slow extraction of the excess of reagent (which also absorbs 

20 
I I , I I I I 

I 3 5 7 9 /I I3 I5 

[HA] x IO-“, M 

FIG. l.-Dependence of cobalt extraction on concentration of the reagent. 
I-No NaCI; Z-in presence of 2M NaCl. Cobalt 5-l x 10-sM 

at the wavelength used for the measurements). A shaking-time of 30 set was therefore selected as 
standard practice, because the cobalt extraction was maximal and the reagent extraction was mini- 
mized. - 

The absorption spectra of the dyestuff and the complex are shown in Fig. 2. The reagent has 
flrnax at 585 rnp, and the complex at 625 rnp. The sodium chloride has little effect on the absorption 
spectrum of the complex. Measurements should be made at 625 w or with a light-filter with maximum 
transmittance at this wavelength. The photometric measurements cordirmed that the initial dyestuff: 
cobalt ratio should exceed 10 for complete extraction. With 4.2 X lo-% dyestuff initially present, 
Beer’s law is obeyed for cobalt concentrations of 0.02-2 pg/ml, but not for concentrations above 
2 ,@nl. The molar absorptivity of the complex is 3.2 X 104. 

I 1 

400 500 600 
1 
700 

A, mp 

FIG. 2.-Absorption spectra of the reagent and the complex in butanol. 
l-Reagent; Z-complex; 3-complex extracted in presence of 2M NaCI. 

Cobalt 10-6M; reagent l-3 x lo-% 
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Citrate and fluoride do not interfere in amounts up to 10000 times that of the cobalt, nor does 
tartrate in 5000-fold excess, but EDTA interferes severely and must be absent. Citrate or tartrate 
was therefore added to prevent hydrolysis of cations. The relative error in cobalt determination was 
less than 7 % in the presence of IOOO-fold amounts of Ga, Th and Ca, 100-fold amounts of rare earths, 
SC, Al and Pb, IO-fold amounts of Zn, U and Ti, and equal amounts of Cu and Fe(III), though the 
iron can be masked with fluoride. Nickel interferes at all levels, presumably by forming a similar 
extractable comnlex. 

The sensitiviiy of the reaction is high, and compares favourably with that of other methods for 
cobalt (Table I). The reagent solution is stable, the colour of the complex is stable (for at least 24 hr), 
and the reproducibility is good. The method was used to determine l-50 x 1O-6% of cobalt in 
gallium metal, with a relative error of 10 %. 

TABLE I.-SENSITIVITY OF PHOTOMETRIC METHODS OF DETERMINING COBALTI 

Reagent Solvent 
Molar 

absorptivity 

Acid Monochrome Green S Butanol 32000 
I-Nitroso-2-naphthol Chloroform 26500 
2-Nitroso-1-naphthol Water 15000-25000 
Thiocyanate Cyclohexanol 20000 
Nitroso-R-salt Water 15000 
Thiocvanate Isoamvl alcohol 6000 
Thiocianate + 

tetraphenylarsonium 
Diethyldithiocarbamate 

, 

Chloroform 

Carbon tetrachloride 

1500 

1400 

Determination of cobalt in gallium metal 
Dissolve 1 g of sample in aqua regia with moderate heating, evaporate the solution to a syrup, 

take it up in 10 ml of 8.5M hydrochloric acid. Extract the bulk of the gallium with three lo-ml 
portions of di-isopropyl ether, back-washing each extract with 5 ml of 7M hydrochloric acid (cobalt 
has a distribution coefficient of 0.1 under the conditions used). Combine the aqueous phases and 
evaporate them almost to dryness. Take up in 1.5 ml of water, add 0.5 ml of 2.5% sodium fluoride 
solution as masking agent, 0.5 ml of 5 % sodium citrate solution, 0.5 ml of 0.2 % dyestuff solution and 
2 ml of 4M sodium chloride in pH 10 borate buffer, and extract with 5 ml of butanol for 30 set in a 
20-ml separating funnel. Measure the absorbance of the organic phase at 625 rnp. Use the standard 
addition method for calibration-dissolve l-g samples and add 2 and 5 ,ug of cobalt (in solution) 
and then carry these standards through the procedure. 

Acknowledgement-The authors express their sincere thanks to Academician I. P. Alimarin for his 
interest in this work. 

Vernadrky Institute of Geochemistry and Analytical Chemistry V. V. BAGREEV 
Academy of Sciences, Moscow, USSR. Yu. A. ZOLOTOV 

Summary-Cobalt forms with Acid Monochrome Green S a complex 
which can be extracted quantitatively into butanol from 1.6M sodium 
chloride medium at pH 9:5-11.5. Thk molar absorptivity of the com- 
nlex is 3.2 x lo4 at 625 mu. The method has been used to determine 
kobalt in gallium metal. ’ 

Zusamrnenfassrmg-Kobalt bildet mit saurem Monochromgriin S einen 
Komplex, der aus einer Medium mit 1,6 M Natriumchlorid und pH 
9,5-11,5 quantitativ in Butanol extrahiert werden kann. Der molare 
ExtinktionskoeSizient des Komplexes ist 3,5 x lo* bei 625 nm. Die 
Methode wurde zur Bestimmung von Kobalt in metallischem Gallium 
verwendet. 

R&sum&Le cobalt forme avec le Vert Monochrome Acide S un 
complexe que l’on peut extraire quantitativement en butanol & partir 
d’un milieu SI pH 9,5-l 1,5,1,6 Men chlorure de sodium. Le coefficient 
d’absorption mol&.ntlaire du complexe est de 3,2 x lo4 B 625 rnp. 
On a utilisk la mkthode pour doser le cobalt dans le gallium mktallique. 
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ANNOTATION 

Metal complexes of PAR, TAR and PAN 

IN RECENT years, PAR, TAR and PAN have received considerable attention as analytical reagents. 
In studies with PAR and TAR, it has been recognizedl-S that a diffictdty exists in demrmining metal- 
complex formation constants because of uncertainty associated with the choice of the pk value for 
the o-hydroxy group. Chalmers6 has recently presented the relevant acid-dissociation equilibria 
diagrammatically and his notation system is used below. The microscopic dissociation pathways’ 
can be written as follows (the pyridinium dissociations, k, and k,*, have been ignored): 

k8 = p0I-I group 
kS = o-OH group 
kl* = o-OH group 
ks* = pOH group 

Impiicit in previous work is the assumption that k, > ka* and ks* > k,, so that k. and ks arc essen- 
tially equaf to the macroscopic constants and have been taken as such. Selected macroscopic 
constants for PAR, TAR and the related compounds, PAN and TAMR [5-methoxy-2(2-thiazoIylazo)- 
phenol], are listed in the table. 

TABLE I.-M~c~~scopr~ pk VALUES IQR PAR, TAR AND RELATED commr~~s 

Compound nk, pks Solvent Reference 

PAR 

TAR 

PAN 

TAMR 

687 13.42 
7.01 13Go 
6.9 12.4 
7.37 12.80 
6.23 9.44 

12.3 - 
12.2 
670 1 
7.08 - 

50 % dioxan-HrO 
50 % dioxan-Ha0 
50 % dioxan-IIt0 
50 % dioxan-II,0 

H,O 
50 % dioxan-H,O 
20 % dioxan-H@ 

H,O 
He0 

2 

; 
2 
9 

1; 
11 
12 

For the metal complexes of PAR and TAR, the chelating species has conventionally been taken to 
be HR*-, requiring that k,* be known for the calculation of formation constants. Past workers1+raJ4 
have used k* as an approximation to kl+. For the PAR complexes, this assumption was justified 
on the basis that the dissociation of thep_OH group appeared to have little effect on the dissociation 
of the o-OH group, since ka for PAR was essentially equal to ks for PAN.’ In view, however, of 
higher kr values in the literature (see TabIe), this assumption may not be valid. A re-examination 
of the k8 value for PAR should be made. 

Chalmers6 has stated that the use of k, is preferable to k8 since the difference between pk, and 
pk, (about S-6 units) is due almost entirely to the inductive effect of the dissociated pOH group 
and only in small part to hydrogen bonding.? In resorcinol, however, the difference is only 1.80 
units (pk, = 9.29, pk, = ll*OP, in water; pk, N 11, pkl N 13, in 50°% dioxan-water, at 25” I”), 

t Others1 have attributed the high pks value mainly to hydrogen bonding; however, it is now well 
known that hydrogen bonding causes a decrease in pk, not an increase. Therefore, it is best to 
explain the relative magnitudes of pk, and pk, on the basis that the pk, value is abnormally low 
(due to the strong electron-withdrawing effect of the pyridylazo system) and the pk, value is essen- 
tially normal (e.g., compare with resorcinol). 

993 
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so that the large difference above must be due mainly to the effect of the pyridylazo system on pk,. 
The use of kB fork,*, then, would be too severe an approximation and it appears, as also suggested 
bv Chalmers. that the most reliable value of k,* would be obtained bv determining the dissociation 
c&rstant of the o-OH group in thep-methoxyderivatives of PAR and TAR. ThiH procedure, inci- 
dentally, would also yield the value of ks*, through the relationship k,/k,* = k,*/ks.’ 

Two additional points of interest arise in connection with reagents such as PAR, TAR and PAN. 
First, although the value pk - 13 has been ascribed to the pure o-OH dissociation, there is little 
evidence to rule out the complicating tautomeric equilibrium: 

Appreciable formation of the hydrazone tautomer would necessitate correction of the reported 
o-OH pk values (and of the corresponding formation constants). In related compounds such as 
substitbted o-hydroxyazobenzenes and o-hydroxyazonaphthols, -infrared studies have shown the 
existence of strone hvdroeen bondine and tautomeric forms .16-*0 HaGil and Snavelvao have re- 
ported, however, That only the azongphthols form an appreciable amount of the hydrazone form. 
This observation implies that hydrazone formation would perhaps be an important factor with PAN 
but not with PAR and TAR. A re-investigation of these systems should be made. Secondly, in 
written equilibria, the reactive ligand species is shown to be anionic but this is purely conventional 
and is not supported by experimental evidence. Indeed, it is highly likely that the reactive species 
is the neutral ligand, since in aeneral, complex formation occurs in acid solution and the concentration 
of the neutral siecies could b: 108-l@ times that of the anionic species, i.e., sufficient to compensate 
for rate-constant effects. When the possibility of tautomer existence is additionally considered, 
it is clear that our knowledge of these systems is at best preliminary. 
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Summary-A discussion of the problem of assignment of a pk value 
for the hypothetical dissociation of the o-OH proton in TAR, PAR 
and PAN before the p-OH proton. The view is expressed that the 
most reasonable choice is to use the normal pk value for this dissoci- 
ation, rather than the normal pk value for the p-OH proton. 

R&urn&-Une discussion du probleme de l’attribution d’une valeur 
pk pour la dissociation hypothetique du proton o-OH dans TAR, 
PAR et PAN avant le proton p-OH. On exprime l’idee que le choix 
le plus raisonnable est d’utiliser la valeur de pk normale pour cette 
dissociation, plutot que la valeur de pk normale pour le proton p-OH. 

Zusammenfassung-Eine Diskussion des Problems der Zuordnung 
eines pK-Wertes-zur hypothetischen Dissoziation des o-OH-Proton; 
in TAR. PAR und PAN vor dem n-OH-Proton. Es wird die Ansicht 
vertreten, daB man am verntinftigsten den normalen pK-Wert dieser 
Dissoziation wlhlt, besser als den normalen pK-Wert des p-OH- 
Protons. 
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Summary-_The primary and secondary combination zones of an 
air-acetylene flame have been separated by a stream of nitrogen 
flowing parallel to the flame to prevent access of atmospheric oxygen 
to its base. The flame is very stable over a wide range of fuel-air 
mixture strengths, and organic solvents may be aspirated without 
difficulty. The low flame background enables thermal-emission and 
atomic-fluorescence measurements to be made with high sensitivity. 
Bismuth, for example, has been determined in the range 5-200 ppm 
by its thermal emission at 306.8 nm, with a detection limit of 2 ppm 
in aqueous solution, and in the range l-10 ppm with a detection limit 
of O-3 ppm in 50% ethanolic solution. Zinc and cadmium have been 
determined at 213.9 run and 228.8 mn by atomic-fluorescence spec- 
troscopy in this flame with detection limits of2 x 10-4ppm and 5 x 
lo-* ppm respectively, vapour-discharge lamps being used as sources of 
excitation. The results obtained represent a considerable improvement 
over those available by the same methods in a conventional air- 
acetylene flame. 

IN A PREVIOUS communication from this laboratory we reported an investigation of 
the utility of the separated air-acetylene flame in thermal emission spectroscopy.l 
The secondary diffusion zone was separated by using a silica tube, and the atomic 
emission in the interconal zone for aspirated metal ion solutions was viewed through 
the tube. This use of the separated flame produced a considerable increase in the 
analytical-signal-to-flame-background ratio by depression of the latter to a very 
marked extent. 

This communication describes some results obtained by separation of the 
air-acetylene flame without the use of a silica separator tube. In the burner described 
here, nitrogen is driven upwards in a laminar flow around the premixed laminar flame 
produced at a commercially available cylindrical burner, and “lifts-off” the secondary 
diffusion zone by preventing the access of atmospheric oxygen to support a diffusion 
zone in the lower parts of the flame. A similar type of flame has recently been used by 
Zeegers and Alkemade to study radical recombination reactions in air-acetylene 
flames.2 This alternative method of separating the flame possesses the same ad- 
vantages as the arrangement described earlier, l i.e., the interconal zone exhibits low 
radiative background, so that greatly improved analytical-signal-to-flame-background 
ratios are obtained for aspirated metal ion solutions. It has several very clear ad-. 
vantages over the silica separator arrangement, however. Thus a wide range of 
fuel-air mixture strengths can be employed, and a wide range of organic solvents may 
safely be aspirated into the flame. In addition it is not necessary to view the analytical 

997 



998 R. S. HOBBS, G. F. KIRKBRIGHT, M. SARGENT and T. S. WEST 

emission through the silica separator tube. The burner assembly used is simple to 
construct, safe to operate and easily supports stable “separated” flames. Some results 
are presented for the determination of bismuth by thermal emission spectroscopy, for 
which the separated air-acetylene flame is particularly suitable, and for the deter- 
mination of cadmium and zinc by atomic-fluorescence spectroscopy. 

Apparatus 
EXPERIMENTAL 

The burner and sheathing arrangement used in this study are shown in Fig. 1. A conventional 
cylindrical Unicam SP900 air-acetylene emission burner was employed. This was held centrally 
within a brass tube (4 cm in diameter) by a large rubber bung. The upper end of the brass tube lay 
in the same horizontal plane as the burner head. Nitrogen (oxygen-free grade) was supplied to this 
sheathing tube through four copper tubes spaced equally around the bung and supplied via a manifold 
arrangement from a rotameter (2-20 l./min) connected to a nitrogen cylinder. (For clarity only two 
of the nitrogen inlet tubes are shownin Fig. 1.) Thenitrogen stream fromthis sheathing tube was made 
laminar at the exit of the tube by passage through a tightly wound spiral of alternate corrugated and 
flat stainless-steel strips (01 mm thickness, 2 cm wide) positioned ca. 23 mm below the burner head 
plate. The nitrogen flow-rate required to support a stable “lifted-off” secondary diffusion zone 
varies somewhat with the flame mixture strength and tightness of packing of the stainless steel strips. 
We have found, however, that stable separated flames can be obtained over a wide range of acetylene- 
air mixture strengths when the nitrogen flow-rate is maintained at ca. 10 l./min. 

Air and acetylene pressures and flow-rates were controlled by the gas control unit on the Unicam 
SP9OOA flame spectrophotometer, which was used for the quantitative measurement of radiation 
from the flame. The spectrophotometer was fitted with an EM1 96OlB photomultiplier tube. Thus 
the burner arrangement employed replaced the conventional burner unit fitted to the commercial 
flame photometer equipment. The samples were introduced as aqueous or 50% ethanolic solutions 
of their salts, via the Unicam indirect nebulizer operating on air. 

Atomic-juorescence measurements 
The experimental arrangement employed for the atomic-fluorescence studies was similar to that 

described by Dagnall, West and co-workersa,*; 20-W Wotan zinc and cadmium vapour discharge 
lamps, operated at 1.5 A and 50 Hz from a ballast unit, were employed for excitation of fluorescence. 
The outer glass envelopes of these lamps were removed to permit transmission of the ultraviolet 
radiation, and the lamps were carefully shielded from draughts. The shielded flame burner and 
monochromator/detector arrangement was identical to that used for the thermal emission studies. 
The SP9OOA spectrophotometer was used in the emission mode, i.e., the radiation from the tlame 
was chopped at 100 Hz to match the ax. amplifying frequency. The discharge lamp sources were 
mounted 7.5 cm from the flame, opposite to the atomic-absorption attachment, so that with the 
entrance slit of the spectrophotometer they subtended a right angle to the centre of the flame. 

RESULTS AND DISCUSSION 

In contrast to the conventional air-acetylene flame, the hottest part of the nitro- 
gen-separated flame immediately above the primary reaction zone exhibits very low 
radiative background because of the absence of secondary combustion reactions. 
Atomic emission of analytical interest in this zone may, therefore, be viewed without 
interference from the background radiation of a secondary flame zone. We have thus 
found that the background emissions from OH and the CO + 0 continuum, almost all 
of which originate in the secondary zone, are at least two orders of magnitude lower 
in the interconal zone of the nitrogen-separated flame than in the conventional flame. 
The background emission spectrum from the nitrogen-separated flame appears almost 
identical to that reported earlier for the mechanically separated flame.l Also, as we 
have reported for the silica separator burner arrangement, the effective flame tem- 
perature immediately above the primary zone of the nitrogen separated flame may be 
shown to be lower in the shielded flame than in an ordinary air-acetylene flame. 
Results obtained with the two-line method of temperature measurement indicate that 
for iron in this region of the flame there is an electronic excitation temperature of 
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2420 f 20°K in the conventional flame and 2320 & 20°K in the nitrogen-separated 
flame. The loss of absolute intensity which arises from this small drop in temperature 
when the secondary zone no longer surrounds the hottest zone is more than com- 
pensated for analytically by the very great increase in the analytical-signal-to-flame- 
background ratios, and stability of the signals obtained over most of the near-ultra- 
violet and visible spectrum. 

In order to demonstrate the practical utility and advantages of this separated 
air-acetylene flame, we have made a study of the determination of bismuth by thermal 
emission and zinc and cadmium by atomic-fluorescence spectroscopy, utilizing this 
flame and a conventional air-acetylene flame supported at the same burner. The 
experimental arrangement employed for the study of each flame was identical, so that 
the change from the conventional flame to the separated flame was made by simple 
control of the nitrogen flow-rate. 

Eflect of organic solvents 

The increase in sensitivity which can usually be obtained in flame photometry when 
samples are nebulized in an organic solvent medium is well known. When the 
air-acetylene flame is separated with a silica separator tube, some difficulty is encoun- 
tered when organic solvents are introduced into the flame. With many solvents it is 
difficult to maintain a stable separated flame, and some organic solvents give rise to 
deposition of carbon on the silica tube. With the nitrogen-separated flame, however, 
a wide range of organic solvents may be nebulized without difficulty. Thus stable 
separated flames were obtained when ethanol, n-butanol, isobutyl acetate, ethyl 
acetate, isobutyl methyl ketone, amyl alcohol, acetylacetone, acetic acid and isopro- 
panol were nebulized into the nitrogen-separated flame. The problem of “sooting-up” 
does not arise with this flame as it does with the silica separator. 

Determination of bismuth 

Bismuth may be determined by its thermal emission at several atomic lines in a 
variety of flames. By far the strongest line is the resonance line at 306.8 nm (4S,, - 
4P,,t), but in most conventional flames the background in this region from the OH band 
head at 306.4 nm obscures the atomic emission and reduces the sensitivity of the 
bismuth determination. This problem does not arise with the oxy-cyanogen flame, 
and a detection limit of 3 ppm for bismuth has been reported.4 However, with the 
flames more generally used for atomic-emission spectroscopy, e.g., air or oxy-hydrogen 
and air or oxy-acetylene, bismuth is usually determined at an emission line other than 
that at 306.8 nm because of interference from the OH band. Dean and Carnes5 used 
organic solvents in conjunction with a special light guide and reported detection limits 
of 6.4 ppm at 223.1 nm in the primary reaction zone of an oxy-acetylene flame and 
2.8 ppm at 289.8 nm in an air-hydrogen flame. With the burner and detector system 
described here, the emission from bismuth at 306.8 nm is easily observed against the 
low OH flame background radiation, allowing greatly improved detection limits with 
low slitwidths and a detection system of only moderate sensitivity and resolution. 

Height of observation in thejame 

It is well known that the flame temperature falls with increasing height above the 
burner-head in premixed air-supported hydrocarbon flames, and that because the 
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intensity of atomic emission in the flame varies exponentially with its temperature, 
there is a rapid fall in the intensity of atomic lines as the height of observation in the 
flame is increased. For this reason, much of the earlier work on the flame photo- 
metric determination of bismuth has made use of the primary reaction zone of the 
flame to obtain the maximum sensitivity. In the separated flame the emission intensity 
decreases even more rapidly with height, owing to the absence of the surrounding hot 
diffusion zone. However, it has been found that the maximum benefit from separating 
the flame is derived immediately above the primary zone, since the reduction of flame 
background is many times greater in the interconal zone than in the primary zone of 
the flame. Further, the variation of emission intensity with height in the separated 
flame at different fuel strengths appears to be identical with that reported earlier for 
the silica tube separated flame, l i.e., the position of maximum emission is relatively 
independent of the mixture strength and occurs just above the primary zone. In view 
of this, all the work described here was carried out with the level of the bottom of the 
monochromator entrance slit just above the top of the primary zone, i.e., about 1 cm 
high in the separated flame. Stray radiation from the primary zone was screened from 
the slit by a small metal shield placed adjacent to the flame. The top of the flame was 
screened from the slit in a similar way so that the only radiation from the flame 
entering the slit was from a completely nitrogen-shielded region of the interconal zone 
ca. 2.5 cm high. 

E#ect of acetylene flow on bismuth emission at 306.8 nm 

The emission from an aqueous solution sprayed into the nitrogen-separated 
air-acetylene flame was recorded at different acetylene flow-rates, with a constant 
nebulizing air-pressure of 28 psi. These results are plotted in Fig. 2a. The acetylene 
pressure is expressed as head (in cm) of di-n-butylphthalate in the fuel-pressure 
manometer of the spectrophotometer gas-control unit. The stoichiometric flame 
corresponded to a pressure of 9.2 cm. The bismuth emission increases almost linearly 
as the flame is made more fuel-lean and reaches a peak in the very fuel-lean ilame. 
This flame was not used for actual determinations as it also produced a high back- 
ground and signal noise level. 

Effect of acetylene flow on flame background emission at 306.8 nm 

This was investigated by measurement of the increase in flame emission at 306.8 nm 
when the acetylene pressure was reduced progressively below that necessary for a 
stable fuel-rich flame (IO.0 cm). The values obtained are plotted in Fig. 2b from 
which it can be seen that at first there is a slow rise until, in the fuel-lean flame, the 
background emission begins to increase rapidly. 

Efect of acetylenejow on the stability of the flame emission at 306-8 nm 

In the ordinary air-acetylene flame, the OH band emission causes a high noise level 
in the measurement of atomic emission signals at 306.8 nm with any fuel setting of the 
flame, and it is this factor (as much as the actual magnitude of the flame background) 
which chiefly restricts the detection limit of bismuth to around 1000 ppm. In the 
separated flame, therefore, it is just as important to select the fuel mixture giving a low 
noise level as that giving the lowest background intensity. The variation of noise level 
with fuel flow at an air pressure of 28 psi is shown in Fig. 2c. For the purposes of this 
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particular graph, the noise level was taken as the distance between opposite ex- 
tremities of a recorder trace produced during a period of 60 set by the flame emission 
at 306.8 nm from an aqueous (lOO-ppm) bismuth solution. It can be seen that the 
noise level is almost constant down to a fuel pressure setting of 8.2 cm. 

Selection of opticaljarne conditions 

The following conclusions may be drawn from the graphs in Fig. 2. 
(i) The bismuth emission can be increased linearly by using a more fuel-lean flame, 

long beyond the point where the extra flame background and noise make this a useful 
means of increasing the sensitivity. The decisive factors in choosing the best flame 
settings must, therefore, take into account the background intensity and noise levels. 

(ii) The rate of increase of background emission and signal noise with decreasing 
fuel flow-rate is quite slow between acetylene manometer readings of 10.4 and 8.4 cm, 
but below this both start to increase quite rapidly. The separated flame obtained at an 
acetylene pressure of 8.4 cm was, therefore, chosen for the bismuth determinations. 
This acetylene pressure produces a slightly fuel-lean flame. 

Determination of bismuth in aqueous solution 

A stock solution containing 1000 ppm of bismuth was prepared by dissolving 1 g 
of pure bismuth metal in dilute nitric acid and diluting to 1 litre with distilled water. 
Standard solutions in concentrations down to 5 ppm were prepared by appropriate 
dilution of this solution, and a linear calibration curve at 306.8 nm could be prepared 
for bismuth concentrations of 5-200 ppm. The absolute detection limit for bismuth 
(defined as a signal:noise ratio of unity) was found to be 2 ppm. 

Determination of bismuth in aqueous-ethanolic solution 

Although the determination of bismuth at concentrations down to 5 ppm is 
adequate for many purposes, it was felt that the sensitivity could be usefully extended 
by the use of organic solvents to increase the efficiency of nebulization of the samples. 
The role of the solvent in this process has been concisely reviewed by Mitchell.6 There 
are two main ways by which the desired effect can be achieved. 

(i) The use of water immiscible solvents and a solvent extraction technique, such 
as that developed for bismuth by Willis.’ 

(ii) The use of water-miscible solvents which may be directly added to the aqueous 
analysis solution to enhance the emission intensity. 

The former method was rejected because, although a greater enhancement of 
emission can be expected, much more sample preparation is entailed. Ethanol was 
chosen as the solvent for addition to the aqueous sample solutions, and the effect on 
the flame of spraying different mixtures is shown in Fig. 3. The emission from the 
separated flame with an acetylene pressure of 9.5 cm (i.e., very slightly fuel-rich) was 
noted when water was sprayed and then the acetylene pressure was reset for each 
ethanolic solution sprayed so that exactly the same flame and emission were obtained. 
A point of inflexion occurs for solutions containing between 50 and 60 % ethanol, and 
it was found that the maximum nebulizer uptake-time of ethanol-water mixtures also 
occurs at this point. 

With the low bismuth concentrations required, solutions containing up to 60% 
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FIG. 3.-Effect of variation in composition of nebulized ethanol-water solutions 
on acetylene pressure required to maintain low background stable flame. 

ethanol could be prepared without any special precautions. At higher alcohol con- 
centrations, however, there was a tendency for precipitation to occur after the 
solutions had been standing for several hours. A plot of bismuth emission intensity 
US. alcohol concentration was, therefore, prepared for solutions containing up to 60% 
ethanol (Fig. 4). Each reading was taken after adjustment of the zero control of the 
instrument during spraying of a blank solution containing the corresponding amount 
of ethanol. The separated air-acetylene flame was used at 15 psi of air instead of the 
28 psi used for aqueous solutions, because it was found that at ethanol concentrations 
above 30%, the higher air pressure gave a much more unsteady flame with only a 
relatively small increase in bismuth emission to compensate for it. It can be seen from 
Fig. 4 that the emission increases sharply up to ca. 55% ethanol. As higher ethanol 
concentrations also give increased flame background, 50% aqueous ethanol was 
selected for bismuth determinations. This gives about a seven-fold increase in sen- 
sitivity over aqueous solutions. The optimum acetylene pressure was found, by the 
method previously described for the aqueous solutions, to be 4.8 cm. Allowing for 
the lower air pressure and the action of the ethanol as a fuel, this setting corresponded 
to the value used for aqueous solutions and the two flames were of very similar 
appearance. 

A linear calibration curve could be prepared for solutions containing l-10 ppm of 
bismuth and the absolute detection limit was found to be O-3 ppm. 

Atomic-Fluorescence Spectroscopy 

The source, monochromator and detection system employed for the determination 
of zinc and cadmium by atomic fluorescence in the shielded flame were similar to those 
described by Dagnall, West and co-workers.3*8 
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FIG. 4.-Effect of composition of ethanol-water solvent on bismuth emission intensity 
at 306.8 nm. 

Operating conditions and results for zinc 

The optimum experimental conditions established were: zinc discharge-lamp 
current 1.5 A; analysing monochromator slitwidth 2.0 mm; air-pressure to flame 
15 psi, acetylene manometer setting 4.8 cm; nitrogen shielding-gas flow-rate 10 l./min; 
fluorescence measurements made at a height in the flame such that the centre of 
monochromator slit was 3 cm above burner head. The wavelength of measurement 
was 213.9 nm, which corresponds to the wavelength of the resonance line for the 
transition ?S, - ‘PI. No fluorescence emission was observed at other wavelengths for 
zinc. With these experimental conditions, linear calibration graphs were obtained at 
213.9 nm over the ranges 0.01-0.1 and 0XMI1-001 ppm zinc with the separated flame. 
The limit of detection, corresponding to a signal : noise ratio of unity, was found to be 
2 x 1O-4 ppm in aqueous solution. 

When the shielding gas was not used, and the optimum instrumental and fuel 
flow-rate conditions for fluorescence in the conventional air-acetylene flame were 
established, less sensitivity was obtained for zinc. Linear calibration groups at 
213.9 nm were obtained over the range O*Ol-0.1 ppm. The higher background and 
noise level resulted in a detection limit of 2 x 1O-3 ppm zinc in aqueous solution. 

Operating conditions and results for cadmium 

The optimum experimental conditions of cadmium discharge-lamp current, mono- 
chromator slitwidth, fuel and air pressures and nitrogen flow-rate, were established to 
be the same as those employed for zinc. Fluorescence measurements were made at a 
height in the flame such that the centre of the monochromator slit was 3.0 cm above 
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the burner head. The wavelength of measurement was that of the 228.8 nm resonance 
line, corresponding to the 5, - ‘Pr transition. Fluorescence emission was also 
observed at the 326.1 nm resonance line, although this was much weaker than that at 
228.8 nm. 

With these experimental conditions, linear calibration graphs were obtained at 
228.8 nm over the ranges O*Ol-O*l and 0.1-1.0 ppm cadmium with the shielded flame. 
The limit of detection for cadmium at 228.8 nm, defined as above, was found to be 
5 x lOA ppm in aqueous solution. A detection limit of 1 ppm in aqueous solution 
was obtained when atomic fluorescence was measured at the 326.1 nm resonance line. 

With the conventional air-acetylene flame, fluorescence emission for cadmium at 
326-l nm was not observed against the high background emission, and the detection 
limit obtained for the 228.8 nm emission was 2 x 1O-3 ppm in aqueous solution. 

Optimal conditions of burner height and fuel flow-rate differ only very slightly for 
atomic-fluorescence measurements in the separated and conventional flames. The 
lower flame background of the separated flame permits the use of higher instrumental 
sensitivities without saturation of the electronics. The low noise levels which result 
from the flame and detection systems under these conditions result in benefit to the 
detection limits obtained. 

CONCLUSION 

Separation of the secondary diffusion zone of the premixed air-acetylene flame by 
shielding from atmospheric oxygen with nitrogen gas, produces an interconal zone 
of very low radiative background. Atomic line signal-to-flame-background intensity 
ratios obtained in the flame photometry of elements introduced into the flame are, 
therefore, greatly increased. This is exemplified by the sensitive determination of 
bismuth by flame emission spectrophotometry at 306.8 nm where intense background 
from the strongest OH band system at 306.4 nm occurs in conventional flames but is 
virtually absent in the shielded flame. 

The method of separation by nitrogen-shielding, described here, possesses several 
pronounced advantages over the mechanical method which we previously emp1oyed.l 
A wide range of fuel-air mixture strengths can be used, organic solvents may be 
nebulized, and no separator contamination problems are encountered. 

The low background and noise levels of the nitrogen-separated flame can also be 
exploited to advantage in atomic-fluoresence spectroscopy. This is evident from a 
comparison of the detection limits obtained with the separated and conventional 
flames for the determination of cadmium and zinc by atomic-fluorescence spectroscopy. 
In a comparison of the suitability of the air-hydrogen, air-propane and air-acetylene 
flames for the determination of zinc by atomic-fluorescence spectroscopy, Dagnall, 
Thompson and West3 concluded that the air-acetylene flame was the least suitable, 
chiefly because of the high background emission encountered. For the determination 
by atomic-fluorescence spectroscopy of less volatile elements, however, the higher 
temperature of the air-acetylene flame may be required to generate a sufficient 
population of ground-state atoms. Under these conditions the utility of the separated 
flame to lower the flame radiative background would undoubtedly be of even greater 
advantage. 
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Zusammenfassung-Die primare und sekundtire Kombinationszone 
einer Luft-Acetylen-Flamme wurden durch einen parallel zur Flamme 
fliet3enden Stickstoffstrom getrennt der den Zutrltt von atmosphlris- 
them Sauerstoff zur Flammenbasis verhindem sollte. Die Flamme ist 
in einem grol3en Bereich des Mischungsverhtiltnisses Brennstoff-Luft 
stabil und organische Lijsungsmittel konnen ohne Schwierigkeiten 
angesaugt werden. Wegen des geringen Flammenuntergrundes kiinnen 
therm&he Emissionsmessungen und Atomfluoreszenzmessungen mit 
hoher Empfindlichkeit ausgefiihrt werden. Zum Beispiel wurde Wismut 
im Bereich 5-200 ppm durch seine therm&he Emission bei 306,8 nm 
bestimmt, wobei die Nachweisgrenze in wtiriger Losung 2 ppm betrug, 
sowie im Bereich l-10 ppm in 50% alkoholischer Losung mit einer 
Nachweisgrenze von 0, 3 ppm. Zink und Cadmium wurden in dieser 
Flamme bei 213,9 und 228,8 nm durch Atomfluoreszenzspektroskopie 
mit Nachweisgrenzen von 2.10-” ppm bzw. 5.10-” ppm bestimmt, 
wobei DampfEntladungslampen als Anregungslichtquellen verwendet 
wurden. Die erhaltenen Ergebnisse stellen gegentiber dem, was in 
einer konventionellen Luft-Acetylen-Flamme mit denselben Methoden 
erreichbar ist, eine betrachtliche Verbesserung dar. 

RCsnm~Les zones de combinaison primaire et secondaire d’une 
flamme air-acetylene ont CtC &par&es par un courant d’azote s’ecoulant 
parallelement a la flamme pour Cviter l’accb de I’oxygene atmo- 
spherique a sa base. La flamme est tr&s stable dans un large domaine 
de concentrations du melange combustible-air et des solvants organi- 
ques peuvent Btre aspires sans difficult& Le faible fond de flamme 
permet aux mesures d’emission thermique et de fluorescence atomique 
d’etre faites avec une haute sensibilite. Le bismuth, par exemple, 
a Cte dose dans le domaine 5-200 p.p.m. par son emission thermique 
a 306,8 run, avec une limite de detection de 2 p.p.m. en solution 
aqueuse et dans le domaine l-10 p.p.m. avec une limite de detection 
de 0,3 p.p.m. en solution Bthanolique a 50%. Le zinc et le cadmium 
ont BtC d&ermines a 213,9 nm et 228,8 nm par spectroscopic de 
fluorescence atomique dans cette flamme avec des limites de detection 
de 2 x 1O-4 p.p.m. et 5 x 1O-4 p.p.m. respectivement, des lampes a 
d&charge a vapeur &ant utilisees comme source d’excitation. Les 
resultats obtenus representent une amelioration considerable par rap- 
port a ceux accessibles par les mEmes methodes dans une flamme 
air-acetylene ordinaire. 
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Summary-Measurements made with a combination of glass and 
lanthanum fluoride membrane electrodes in solutions which are 
strongly acid but varying in ionic strength have been used to calculate 
the dissociation constant of hydrogen fluoride and to validate the 
response of the latter electrode in strongly acidic media containing 
fluoride ions. 

THE measurement of fluoride activity has been greatly facilitated since the introduction 
of the single-crystal fluoride membrane electrode. l The construction and performance 
of this electrode has been described as well as its use as an indicating electrode in 
potentiometric titrations.2 In aqueous solutions, the response of this electrode is a 
function of the hydrogen ion concentration. At lower pH values, the fluoride activity 
is markedly affected owing to the formation of hydrogen fluoride, while at higher pH 
values the hydroxide ion, which is iso-electronic with fluoride, interferes. No 
thorough investigation describing the response of the fluoride electrode in acidic 
media has been reported. If the electrode is not affected directly by the hydrogen ion, 
the use of this electrode should afford an interesting and novel way of determining the 
ionization constant of the weak acid, HF. 

It is generally concluded that a dilute aqueous solution of fluoride contains the 
species F-, HF, and HF2-. Determination of the ionization constant of HF in 
aqueous solution has been made by several methods.3-5 Broene and DeVries,4 with 
their potentiometric study of the hydrogen electrode in aqueous fluoride solutions, 
have shown that at 29, K, for HF is 6.71 x 10e4 mole.l.-l. The formation constant 
for the homoconjugate ion, HF,-, 

HF + F- = HF2- Ki = W,I/WI[F-1 

has been reported by several workers 2*4 to be approximately 4-O l.mole-1. Measure- 
ments of the equilibrium constant as a function of ionic strength have not been 
reported. 

Theory of measurements 

Potential measurements were made in a series of solutions, each series composed 
of constant ionic strength mixtures of sodium perchlorate and perchloric acid. Sodium 

* Present address: Department of Chemistry, University of New Mexico, Albuquerque, New 
Mexico 87106 
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fluoride was added to each solution to a formal concentration of O*OOlM. Measure- 
ments were taken of both the potential of the glass electrode (a measure of hydrogen 
ion activity) and the fluoride membrane electrode (fluoride ion activity) in each test 
solution. 

The total fluoride concentration will be distributed amongst various species in the 
solution (in a manner specified by the PH)~ so that: 

hl = [F-l + WI + XHFz-1 

Substitution of K,, the formation constant for HF,-, and K,, the acid dissociation 
constant, gives : 

[%I = [F-l + W+lU-l/Ka + 2KiW+ltF-l”/K~. 

Subtracting [F-l and factorizing yields : 

[Fr] - [F-l = =$ (1 + 2K,[F-I). 
& 

Since Ki has been shown to be approximately 4.0 and, at a maximum, the value of 
[F-l is 10-3M, 

1 > 2K,[F-] < 8 x 10-3, or 

[FT1l-;F-l = [H+]/K,. 

Taking common logarithms results in: 

log ([Fr] - [F-l) - log [F-l = log [H+] - log K,. 

In this investigation, the fluoride concentration, as determined by the membrane 
electrode, was maintained at such a level (by the addition of perchloric acid) that [F-l 
was, in the worst case, only 10% of [Fr]. Thus we can write with confidence 

log [F,] - log [F-l = log [H+] - log K,. 

Although, up to now, no activity corrections have been made, a similar expression 
could be written: 

log [F&&) - log [F-l(&) = log an+ - log K,” (1) 

where (fr-) is the molar activity coefficient and a the activity. Changing signs and 
writing pH = -log an+ yields: 

log [F-l - log [Fr] = pH + log K, 

The fluoride membrane electrode yields the usual Nernstian behaviour,2 

EF- = E” - Fin [F-l(&). 

On variation of the fluoride concentration in a constant ionic strength system (a solution 
containing a large excess of sodium perchlorate), the response of this electrode can be 
readily determined as a function of ionic strength. Thus the fluoride concentration 

can be determined at any particular ionic strength by measurement of fluoride electrode 
potential. The response of the electrode will be given by 

E, = E’ - S log [F-l 
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where S is the empirically determined slope which defines the electrode response at 
each particular ionic strength and E’ is a similar formal potential. Substitution into 

equation (1) and rearrangement yields : 

ST - EF 
A&/S = s 

= pH + log K*. 

Here EFz is the fluoride potential measured in the absence of added hydrogen ion and 
EF is the potential measured as a function of PH. Plotting the change in fluoride 
electrode. potential divided by S, against the pH, should yield a linear relationship of 
slope 1.00 with intercept log K,. 

EXPERIMENTAL 
Solutions were prepared from reagent grade chemicals and were stored in polyethylene containers. 

Shortly before use, the individual test solutions were prepared by diluting requisite amounts of various 
stock solutions to volume in lOO-ml volumetric Pyrex flasks. (There is good evidence that fluoride in 
millimolar concentrations will not attack Pyrex glassware as long as the solution is kept below 60”).* 
The test solutions were transferred to polyethylene beakers, placed in the constant-temperature bath, 
the electrodes inserted, and solutions stirred with a teflon stirring rod. Replicate determ~ations agreed 
within f 1.0 mV. 

Three electrodes were used in this investigation. Fluoride-ion measurements were made with an 
electrode supplied by Orion Research, Inc., and hydrogen-ion measurements were obtained with a 
Sargent Wide-Range glass electrode. These potentials were measured us. a calomel reference electrode. 
This electrode was filled with saturated sodium chloride solution to prevent the precipitation of 
potassium perchlorate which occurs at the liquid-junction solution interface with the conventional 
calomel electrode. Potential measurements were made with a Beckman Mode1 76 Expanded pH 
Meter modified to allow the application of a variable d.c. signal in series with the reference electrode. 
The magnitude of this bucking e.m.f. was measured with a potentiometer. 
scale (200 mV full scale) could be used throughout the measurements. 

In this way, the expanded 
Potential measurements were 

reproducible to better than 1 mV. All measurements were performed at 250 ic 0.2”. 

RESULTS 

Determination ofjuoride electrode response coeficients 

Measurements were made by introducing various amounts of O+lOOM sodium 
fluoride (with a Manostat D&i-Pet) into 75.0 mlof a sodium perchlorate solution at the 
desired ionic strength. The measurements were carried out to span more than one 
decade of fluoride concentration, the total fluoride concentration varying from 
approximately 10-5 to fO-3M. At least 15 determinations were made at each ionic 
strength. Plots of EF- vs. log [F-l yielded linear curves of slope varying from very 
close to the theoretical value (at 25”) of 59.2 mV,/decade of fluoride ion concentration 
to a value of 57.1 mV/decade in a solution of l*OM sodium perchlorate. These slopes 
were obtained by a least squares analysis of the potentials. (Individual values yielded 
a linear relationship when plotted vs. the square root of ionic strength.) These values 
of S were used in subsequent data analysis. 

Evaluation of K, 

Constant ionic strengths of 0.050, O*lOO, 0.200 and O+SOOM were obtained by 
mixing the requisite amounts of perchloric acid and sodium perchlorate. The potential 
of the fluoride electrode measured in a solution at the specified ionic strength containing 
only sodium perchlorate was used as EFg and potentials found in the various acid- 
containing solutions were subtracted from it to obtain AE, at least 10 experimental 
points being obtained at each ionic strength. These results were then plotted as AE/S 
vs. the measured hydrogen-ion activity. The activity of the hydrogen ion was 
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determined by measuring the glass electrode potentials and comparing them with 
values determined for activity standards at pH = 2.00 and pH = 4.00 and assuming 
a change of 59.1 mV/decade of hydrogen-ion activity. The results, along with the 
slope values described above, are shown in Table I. 

TABLE I 

Ionic strength s* Goodness 
lu, M z/F m V/log [F- ] of fitt Slopet: Intercept7 

0.050 0.224 59.05 0.9977 0.996 -3.044 
O*lOO 0.316 59.00 0.9953 0.990 -3.031 
0.200 0447 58.90 0.9983 1.007 -2.938 
0500 0.707 58.80 0.9990 1.011 -2.751 

* Experimental slope for fluoride ion electrode response. 
t Least-squares analysis, fit to linear equation. 
3 Slope of experimental curve, least-squares adjusted. 
7 Intercept of experimental curve, least-squares adjusted. 
[The error in these measurements is approximately 0.5 %. Potential measurements in each series 

spanned approximately 150 mV.1 

Finally, the values of the graphically determined equilibrium constants were 
plotted U.S. the square root of ionic strength, yielding a value of log K, = -3.189 at 
zero ionic strength, corresponding to an acid ionization constant of 6.46 x 1O-4 
mole.l.-‘. 

I I I I I I I 
0 0.1 02 03 0.4 0.5 06 07 0.3 

p '12 

FIG. l.-Variation of equilibrium constant with ionic strength. 

CONCLUSION 

The agreement of the ionization constant with that found by other workers 
indicates that the method is essentially sound and, moreover, that the fluoride-ion 
membrane electrode continues to function as an indicator of fluoride-ion activity in 
acidic solutions. 

The determination of the equilibrium constant in the way described above raises 
some interesting points. No assumptions need be made concerning the equality of 
anionic and cationic activity coefficients of the same charge type. Moreover, no 
assumption need be made concerning activity coefficients of the fluoride ion, since the 
derivation cancels out this term. Measurements obtained in this way, that is, at 
constant ionic strength, offer the greatest possibility of minimizing liquid-junction 
potential errors. In such a cell as that used here, the junction potential during the 
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measurements made to evaluate the electrode response in constant ionic strength 
media should remain approximately constant. The constancy in the second series of 
experiments, the determination of K,, is of interest. The two parameters plotted, AE 
and pH, are both derived from potentials measured vs. the same reference electrode. 
Changes of liquid-junction potential would affect each potential measurement in the 
same way, thus in no way affecting either of the two desired parameters, the slope and 
intercept. Thus, the uncertainty in this measurement caused by changes in liquid- 
junction potential is considerably smaller than that found in most potentiometric 
equilibrium-constant determinations. This, perhaps, is evident in the experimental 
results and in the fact that the least-squares slopes do not deviate significantly from 
unity. 

Zusammenfassung-In stark sauren Lijsungen verschiedener Ionenstlr- 
ken mit einer Kombination aus Glas- und Lanthanfluoridmembran- 
elektroden durchgeftihrte Messungen wurden zur Berechnung der 
Dissoziationskonstante von Fluorwasserstoff verwendet sowie zur 
Priifung des Ansprechens der zuletzt genannten Elektrode in fluorid- 
haltigen stark sauren Liisungen. 

RBsum&Gn a utilist des mesures effect&es avec une combinaison 
d’tlectrode de verre et d’electrode 11 membrane de fluorure de lanthane 
dans des solutions qui sont fortement acides mais de force ionique 
variable pour calculer la constante de dissociation de l’acide fluor- 
hydrique et rendre valable la reponse de la derniere electrode en 
milieux fortement acides contenant des ions fluorure. 
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Summary-The fluorescence of a Morin-thorium complex provide8 a 
more sensitive fluoride reagent than has been previously used. It has 
immediate stability and a linear response to fluoride up to 50% 
reduction in fluorescence. The values for serum fluoride, as measured 
with this reagent after diffusion at room temperature, agree with those 
obtained with the fluoride electrode and with those predicted by the 
renal clearance of radioactive fluoride. The relative standard deviation 
when measuring lOPEM fluoride in 2 ml of serum is &lo%. 

THERE is a marked disagreement about the concentration of fluoride in the serum of 
persons drinking fluoridated water. Singer and Armstrong1 claimed in 1967 that it is 
at least five times the value reported by Smith, Gardner and Hodge2 in 1950 and by 
Taves3 in 1966. Recently it has been appreciated that clearance of radioactive fluoride, 
1sF-, together with a known concentration of stable fluoride in the urine, provides an 
independent determination of the concentration of fluoride in the serum.4 Renal 
clearance is expressed as the number of ml of plasma that would have to be completely 
cleared of a substance by the kidneys to yield the amount of that substance collected in 
the urine in 1 min.5 This can be expressed mathematically as follows. 

Renal clearance = 
urine concentration X urine flow (ml/min) 

serum concentration (1) 

If renal clearance of 18F- is the same as that of lgF-, then, substituting and solving 
for the serum concentration of lgF-: 

Serum lgF- concentration = 
lgF- urine concentration x urine flow (ml/min) 

renal 18F- clearance (2) 

The normal clearance of 18F- averages 50 ml/min,4 the normal urine flow-rate is 
1 ml/mm and the average urine fluoride concentration is 50,uM (1 ppm) in specimens 
collected from persons drinking fluoridated water .6 Substituting these values in 
equation 2 gives an average serum fluoride concentration of 1pM (0.02 ppm). This 
concentration is too low for published methods to measure accurately, explaining, 
perhaps, why the literature shows a confusingly wide range of values for normal 
serum fluoride concentrations. 

* This paper is based partially on work performed under contract with the U.S. Atomic Energy 
Commission at the University of Rochester Atomic Energy Project and also on a USPHS Dental 
Grant 5-TO1 DE00175 and has been assigned Report No. UR-49-872. 

1015 



1016 D. R. TAVES 

Smith, Gardner and Hodge report values that average 1.744 (0.03 ppm), near 
the calculated 1.0,~M.~ Their method, however, requires 50 ml of blood, so duplica- 
tion is not easy and the blank is seven times the amount of fluoride being measured.’ 
This, and the involved procedure, makes it appear likely that the wide range of values 
they found (0-4,~M) is due to analytical difficulty rather than to basic human varia- 
tion. Singer and Armstrong give values that average 7.5,uuM (0.15 ppm),* suggesting 
that they are measuring something in addition to fluoride in serum. Smith and Hodge, 
in their detailed review,9 and Smith more recently, lo list numerous reports of values 
that are generally much higher than those of Singer and Armstrong. Hall, using a 
new reagent that appears to be more sensitive than previous calorimetric reagents, 
says the concentration is usually less than 5,~uM in blood.ll 

Improvement in the accuracy of trace fluoride determination requires a more 
sensitive reagent and a reduction in the blank value. The use of plastic microdiffusion 
dishes limits the quantity of serum that can be used to about 3 ml. This represents 
3 nmoles (0.06 pg) of fluoride or only 3 % of the maximum of Singer and Armstrong’s 
working curve, since the range they used is O-100 nmole (2.0 lug). 

More sensitive reagents have been proposed, based on quenching of the fluores- 
cence of various dye-aluminium complexes by fluoride.12*13 The most sensitive and 
quickly stabilized fluorescent reagent, reported by Willard and Horton in 1952, is a 
Morin (pentahydroxyflavone) aluminium complex.12 Bouman, however, found it to 
be insufficiently stable and the response to fluoride poor at low concentrations; his 
modifications include using ice-cold reagents and rapid reading of the fluorescence.l* 
These changes and the lack of biological studies applying these methods suggest that a 
better fluorescent reagent is needed. 

Morin with thorium has been used as a fluorescent indicator of the titration 
end-point for large quantities of fluoride15 so it appeared worth testing as a reagent. 
In the present study, Morin and thorium were found to be adequately sensitive, to 
give a standard curve with a long linear portion, and to have immediately stable 
fluorescence. Preliminary results with this new reagent for analysis of serum fluoride 
samples after diffusion at room temperature, indicated that the average normal serum 
fluoride concentration was 0*7,~.M,3 i.e., very close to the calculated value. 

The reproducibility, however, was not satisfactory for these low levels, probably 
because the diffusion blank was 2-3 times the amount of fluoride in the samples. 
While looking for the source of the blank it was found that the silicone grease used to 
seal the dishes was in fact involved in the diffusion of fluoride. The simplest silicone, 
hexamethyldisiloxane, greatly accelerated the transfer of fluoride.le This allowed the 
use of larger samples so that accurate measurements could be made with the fluoride 
electrode, enabling comparison to be made with the values obtained by the present 
method. 

EXPERIMENTAL 

Apparatus 

The diffusion dishes, scintillation counter and rotary shaker were the same as described previously.18 
The test-tubes were disposable polystyrene plastic, 17 x 1OOmm (large) and 12 x 75 (small) 

made by Falcon Plastics, 5500 West 83rd Street, Los Angeles, California 90045. These tubes are 
used for receiving the trapping solution, neutralizing, and reading in the fluorimeter. Aluminium 
centrifuge cup adapters were made to accommodate the disposable plastic tubes snugly in order to 
prevent breakage when spinning down the clot or the protein precipitate from serum. 
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The fluorimeter was an Aminco Fluoro-microphotometer in which the tube receptacle had been 
enlarged to accept the 17-mm diameter tubes. The filters were 2A-12 and 47B for the 420 and 510 my 
excitation and emission wavelengths. (The optimum wavelengths were determined on an Aminco- 
Keirs Spectrophosphorimeter.) A voltage stabilizer (Sola, 0.485 A) was used to decrease the fluctu- 
ations of the fluorimeter. A light shield is mounted over the tube receptacle to make it possrble to 
rotate the tubes by hand while reading the fluorescence. This is an advantage because it allows 
increased speed in reading and because any serious imperfections in the tubes can be easily detected 
from fluctuations of the needle position. A convenient light shield was made from a cardboard box, 
5 x 5 x 12in., mounted horizontally in a position that allowed easy introduction of the tubes 
through the length of the box into the tube receptacle while the operator was seated in front of the 
fluorimeter. The box was covered inside and out with black cloth to minimize stray light. 

An Orion fluoride electrode’17’ was used with a Beckman model G pH meter. 
A Vortex mixer (Scientific Industries Inc.) was used in the titration step. 

Reagents 

Distilled water is passed through a commercial demineralizing column and then redistilled from 
an all-glass still. 

Hydrochloric acid, 6M saturated with the silicone HMDS (hexamethyldisiloxane, Dow Corning 
200 fluid, 0.65 centistokes, Dow Corning, Midland, Michigan) is prepared by shaking 200 ml of the 
acid with 25 ml of the silicone for 2 min in a separatory-funnel. The silicone layer is discarded since 
it will contain fluoride extracted from the acid, and a fresh 25 ml of HMDS is added so that the acid 
will remain saturated and aliquots can be drawn off as needed. To remove the silicone from the 
acid used for neutralization of the trapping solution, the acid prepared as above is boiled until its 
volume is reduced by one-half. The acid is then diluted to 1M and 0*05M for use in titration. 

The stock fluorescence reagent consists of O.OOlM Morin (2’,3,4’,5,7-pentahydroxyflavone) and 
00305M thorium nitrate in 95% ethanol. The stock reagent is stable for several months. The 
diluting solution consists of 100 ml of 95 % ethyl alcohol and 2 ml of 11.4M perchloric acid diluted 
to 11. with water. The working reagent is 2 ml of stock reagent made up to 100 ml with diluting 
solution. 

Cleaning solution for glassware is made with 5 ml of stock reagent, 200 ml of alcohol and 10 ml 
of concentrated perchloric acid diluted to 2 1. with water. Glassware that did not drain properly was 
cleaned with RBS 25 (Fisher Scientific Co.), rinsed with distilled water, soaked in cleaning solution 
and rinsed again with water three or four times. Except for flasks and odd sizes of pipettes, only 
plastic ware is used. Much of it is disposable polystyrene and needs no cleaning. The polypropylene 
plastic ware sometimes used with serum should be cleaned (e.g., with RBS) and rinsed with water. 

The pH indicator solution consists of 0.1% phenolphthalein and 0.1% p-nitrophenol in 95 % 
ethanol. 

Radioactive carrier-free fluoride (r*F-) was obtained from Western Nuclear Research, Power 
Drive, Buffalo, New York. 

Low fluoride serum was obtained from a bitch and one of her pups which were fed a vitamin and 
mineral-supplemented milk diet .I8 Radioactive fluoride was administered in an infusion drip of 
0*0385M saline and 5% w/v glucose solution in order to produce a diuresis and nearly constant 
concentrations of leF- during the time the urine and serum samples were obtained for calculation 
of the expected serum concentration. Equation (2) can be simplified after substitution for the renal 
clearance of l”F-, from equation (1). 
on the same specimens. 

The urine flows cancel since analyses of raF- and lgF- were done 

Serum ‘SF- = ur& lOF- x serum lsF- 
urine lsF- ’ (3) 

Procedure 

A l-mm hole is drilled in the lid of the diffusion dish about 7 mm from the edge and the lid is 
ringed with Vaseline where it will make contact with the dish. The acidified sample is placed in the 
outer chamber and 1 ml of O-IN sodium carbonate is nlaced in the centre comnartment. After the 
lids are in position on all the samples, 0.5 ml of silicdne-saturated hydrochlori’c acid is introduced 
into the outer chamber through the hole in the lid and the hole is quickly sealed with Vaseline. 

The proteins are removed from serum by adding an equal volume of 68M perchloric acid and 
centrifuging; only the supematant liquid is used. 

For normal urine, 1 ml is placed in the outer ring of a diffusion dish with 1 ml of 6.8M perchloric 
acid. If the concentration of fluoride in the sample is thought to be above 100 ,xM (approximately 
2 ppm) the urine is diluted. 

Small acidified samples (2-4 ml) are diffused for at least 2 hr if agitated on the rotary shaker or 
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3 hr statically at room temperature. 
agitation on the shaker. 

Large acidified samples (20 ml) are diffused for least at 6 hr with 
(In this study large samples were run overnight for convenience.) 

The trapping solution is transferred to the appropriate-size weighed plastic tube and titrated to 
near the colourless end-point of the pH indicator with 1M hydrochloric acid and finished with the 
O*OSM acid. Removal of carbon dioxide is accelerated during titration by vibrating with the vortex 
mixer, heating to 60” for 10 min and vibrating again. The fmal titration ends when 0.02 ml of O*OSM 
acid causes a change from a faint but definite yellow colour to no colour. 
when large amounts of fluoride are present, as in urine and bone. 

The titration is not necessary 
Water is then added to bring the 

samples and standards to a uniform weight, either 2 or 3 g (*S mg). 
added for each 7 nmole of fluoride expected. 

One ml of working reagent is 
The solutions are mixed by inversion and read in the 

fluorimeter. The readings can be made at any time within 24 hr. 
Fluoride electrode measurements are made on the neutralized diffusates from 10 ml of serum and 

compared with diffused standards which bracket the sample values. This determination can be 
followed by a measurement with the Morin-thorium reagent if the electrode is rinsed and the volume 
readjusted. 

RESULTS 

Figure 1 shows the standard curve with 1 ml of reagent. Deviation from a straight 
line is not apparent until the fluorescence is reduced by more than 50 %. Also shown 

O: 16 

n moles F 

FIG. 1-A. Standard curve with zirconium-Eriochrome Cyanine R reagent as used by 
Singer and Armstrong.lB 
reagent, taken from Hall .I1 

B. Standard curve with lanthanum-Alizarin complexan 
C. Standard curve with 1 ml of Morin-thorium reagent. 

for comparison are the standard curves for the calorimetric reagents used by Singer 
and ArmstrongI and by Hall. l1 When there is too much fluoride in the sample, i.e., 
when the fluorescence cannot be read on the linear portion of the standard curve, 
more reagent may be added. This can be done even though it results in a change in 
acidity of the solution, because the optimum concentration of acid also shifts, as is 
seen in Fig. 2, so that the solution retains its maximum stability to small variations 
in acidity. 

The effects of sodium sulphate, phosphate, nitrate, and fluoride on the reagent are 
shown in Fig. 3. The reagent is seen to be more sensitive to the fluoride than to the 
sulphate and phosphate ions by factors of 20 and 40 respectively. The nitrate has no 



Determination of submicromolar concentrations of fluoride 1019 

70 - 

60 - 

f 50. 

z 

5 
2 

40. 

2 
0 30 - 
3 
? 

I 20- 

0-p 
0 5 10 15 20 25 30 35 40 

NORMALITY x lo3 

FIG. 2-Effect of varying the acid concentration of the Morin-thorium reagent, 
expressed as the final acidity after addition of 2 ml of 0 05M NaCl. 
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FIG. 3-Effect of various ions on fluorescence of reagent. 
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immediate effect but has a marked effect within 18 hr. Readings taken on the following 
day gave agreement with the originals within 5 fluorescence units for the sulphate and 
phosphate ions and 3 for the fluoride. 

Large amounts of chloride have an effect on the concentration of acid necessary 
for maximum fluorescence, making an absolute comparison difficult. When the same 
amount of acid is used, the effect of chloride, perchlorate and nitrate is only l/80000 
that of fluoride. 

To determine whether the HMDS in the trapping solution interferes with the 
reagent, two types of experiments were made. First, diffused blanks and standards 
were compared with non-diffused blanks and standards to see whether the slope of the 
standard curve is changed by HMDS. In three experiments with a total of fourteen 
2-nmole and fifteen 6-nmole standards, the recovery of fluoride was 104 & 11% 
(std. devn.) and 99 f 5 % respectively, after subtraction of the average blank for the 
experiment. This indicates that the HMDS in the trapping solution has no effect on 
the slope of the standard curve. The average blank for the three experiments ranges 
from 0 to 0.52 nmole, the standard deviation from 0.08 to 0.25 nmole. Second, 
comparison was of diffused blanks when different amounts of silicone had been 
added as HMDS-saturated hydrochloric acid to the outer ring. Comparison of 
diffusion blanks in sets of five without silicone or with up to twice the usual amount of 
it showed no trend and no statistical difference when read immediately and again 
after 1 hr. The maximum difference in the averages was 0.3 nmole, and the maximum 
standard error of the average was O-18 nmole. Thus, within these limits there is no 
effect of HMDS. Reading the samples again the following day showed no consistent 
changes. 

Since the protein of the serum is precipitated and only the supernatant is used for 
the analysis, it is important to know how much fluoride is left in the precipitate. The 
amount of fluoride in the protein precipitate can be estimated in three ways: (1) by 
the amount of l*F- not recovered in the trapping solution; (2) by direct counting 
of IsF- in the residual protein; (3) by an estimate of the fraction of solution left in 
the residual protein (% solution left in residual = [residual wt - protein wt/(acid + 
serum) wt - protein wt] x 100, protein weight taken as 70 mg/ml of serum). In an 
experiment with five samples the values obtained by these methods were 12.9 % 5 2.0, 
9.9% f O-5 and 10.5% & O-4 respectively. The last value is probably most nearly 
correct. The first is subject to losses in diffusion and the second to losses from l*F- 
left on the upper sides of the tube. 

The effect on the serum fluoride concentration of prolonging the diffusion time 
from 2 to 18 hr was examined at two temperatures. No significant effect was noted at 
26” but a statistically significant 20% increase occurred when the room temperature 
was 29-33” during prolonged diffusion. 

Table I shows that the recovery of stable fluoride added to serum was about 97 %. 
Table II shows that the values obtained by the present method compare well with 

those of other methods. Singer and Armstrong’s methodzO and the present method 
compare favourably for urine analysis. The fluoride electrode and the present method 
yield the same value in the analysis of serum. Equation (3) was used to calculate 
serum fluoride values for two dogs on a low fluoride diet. These values agree closely 
with those determined by the present method. 
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TABLEI.-RECOVERY OF STABLE FLUORIDE ADDED TO SERUM 

No. of Original 
Subject Volume, ml samples concentration, ,uM Added, PM Found, ,uM Recovery, % 

A 2 5 1.09 & 0.06 2.5 3.41 f 0.293 93 
B 2” 6’ 0*44* f 0.10 2.5 2.84 -+ O-33$ 96 
B 0.67+ f 0.10 0.5 1.15 f 0.082 96 
B 10 6 0.58 f 0.07 0.5 1.07 & 0.08s 98 

10 5 0.58 f 0*07t 10.0 10.34 & O-17$ 98 
2 5 0.10 f 0.13 0.5 0.69 f 0*17$ 118 

* One value discarded, 2.0 and 1.2pM respectively. 
t Not a repeat analysis. 
$ Standard deviation. 
A=human 
B = human titrated plasma 
C = dog serum (low fluoride diet), 0.12pM i 0.06 found in seven, lO-ml samples. 

TABLEK-COMPARISON WITH OTHER METHODS 

Sample 

Urine (1 ml) 
Serum D* (10 ml) 
Serum D (2 ml) 
Serum E (2 ml) 
Serum F (10 ml) 

No. Results from 
Method of samples Result, PM present method, PM 

Singer & Armstronga 9 41.5 + 7 50.2 i 1*7t (5)$ 
Electrode 4 0.88 i 0.08 0.88 i 0.02 (5) 

0.90 & 0.04 (5) 
l*F ratio 4 044 &- 0.02 0.41 f 0.09 (4) 
l*F ratio 3 0.06 - 0.09 0.09 - 0.14 (3) 

* l*F added to serum before separation of protein and used to correct for losses. 
t Standard deviation. 
2 No. of samples. 
D. Human. 
E. Bitch. 
F. Pup. 

DISCUSSION 

The validity of the serum fluoride concentrations as determined by the present 
method is supported by two independent techniques (Table II), in addition to evidence 
of the ability to recover about 97 ‘A of added stable fluoride (Table I), and as shown 
previously, l6 98% of added radioactive fluoride from serum. The first involves 
comparison with the fluoride electrode after concentration and isolation of the 
fluoride by diffusion. Concentration is necessary because the normal serum fluoride 
level is in the range where the electrode starts to fail. l7 Isolation is important because 
bracketing standards and blanks are then in the same kind of solution. In the same 
experiment the completeness of fluoride recovery could be determined because the 
serum was labelled with lsF- before precipitation of the proteins. 

, The other involves experiments in uivo. Infusion of a solution of i*F- in dogs 
makes it possible to have a nearly constant concentration of laF- in serum and in the 
urine so that the ratio can be determined accurately. Since there is no disagreement 
in the literature, or as shown here in Table III, on the determination of urinary 
fluoride, a value can be calculated for stable serum fluoride (equation 3). This value is 
shown to agree with the values measured by the new method. 

The discrepancy in the values obtained by Singer and Armstrong1 as compared to 
those of Smith, Gardner and Hodge2 and of this method still exists. The difficulty 
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may lie in the assumption that all of the fluoride in serum is exchangeable. The 
present method clearly measures the fluoride that is exchangeable with radioactive 
fluoride. No evidence is given, however, that this is all of the fluoride that is present 
in serum. It is possible that both values are correct. The evidence given here only 
indicates that fluoride which behaves like radioactive fluoride is being measured. 
There could be a non-exchangeable fluoride fraction present that is made available 
only after ashing, a technique employed by Singer and Armstrong in their distillation 
method.19 Their diffusion method20 probably does not measure the same thing in 
serum as their distillation method. Any organic acid which could diffuse at 60” is 
likely to bind with the zirconium in their reagent and look like fluoride. This could 
account for the continuing increase in the apparent fluoride concentration with 
prolonged diffusion1 and the finding that most of the “fluoride” obtained under their 
conditions for diffusion is not heat-stable .3 Since the apparent fluoride increases 
with the length of diffusion time the possibility exists that the agreement between 
their two methods is the result of selection of a time period which results in the same 
answer. The excess of apparent fluoride found in this work in an 18-hr diffusion at 
29-33“ is probably a reflection of the same problem. 

The fluorescent reagent represents a considerable advance in sensitivity over the 
calorimetric reagents (Fig. 1). In addition, the fluorimetric system can tolerate much 
greater imperfections in the container without introducing serious error in the readings. 
This makes it possible to use disposable plastic tubes, thus eliminating the necessity to 
transfer samples, reducing reading time and making it possible to add additional 
reagent if high fluoride levels are encountered. 

Only tentative comparisons can be made between the fluoride electrode and the 
Morin-thorium reagent. The present reagent has a clear advantage over the electrode 
in measuring samples in which the concentrations of fluoride vary markedly since the 
electrode has a memory problem when going from high concentrations to very low 
ones. Little can be concluded in this study about the relative sensitivity and repro- 
ducibility of the two methods since there are better meters which would be expected 
to improve the precision of the electrode and better optical systems for reading 
fluorescence. However, the sensitivity of the Morin-thorium reagent can be more 
than doubled even with the optical system used here. As yet it has not been possible 
to reduce the standard deviation for diffused samples when the additional sensitivity is 
used. The relative standard deviation in the present system is about 10% with 2-ml 
serum samples which are at least 1,uuM in fluoride. For samples with less fluoride the 
standard deviation is less than 0.2,~M. If 10 ml of serum are available it is possible to 
reduce these limits by about half. 

Smith, Gardner and Hodge2 obtained results in which the mean value was similar 
to those presented here. The present method, in comparison with that of Smith, 
Gardner and Hedge,’ achieves a IO-fold reduction in the amount of blood needed for 
an analysis and a 700-fold reduction in the blank. 

Acknowledgement-l wish to thank Mrs. Joy Howe for her technical assistance. 

Zusamrnenfassung-Die Fluoreszenz eines Morin-Thorium-Komplexes 
liefert ein emptindlicheres Reagens auf Fluorid als es bisher verwendet 
wurde. Es zeigt sofort stabil an und entspricht bis zu einer Fluores- 
zenzloschung von 50% linear dem Fluoridgehalt. Die Fluoridwerte 
im Serum, wie man sie nach Diffusion bei Raumtemperatur mit diesem 
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Reagens mi0t, stimmen mit denen tiberein, die mit der Fluoridelektrode 
gemessen und nach der Ausscheidung von radioaktivem Fluorid 
durch die Nieren vorausgesagt werden. Beim Nachweis von lO-+M 
Fluorid in 2 ml Serum ist die relative Standardabweichung -&lo%. 

R&urn&-La fluorescence d’un complexe Morin-thorium fournit un 
reactif du fluorure plus sensible qu’il n’a Cte anterieurement utilise. 11 
a une stabilite immediate et une reponse linbire au fluorure jusqu$ 
une reduction de 50 ‘A de la fluorescence. Les valeurs pour le fluorure 
du serium, mesurees avec ce reactif aprts diffusion a temperature 
ordinaire, sont en accord avec celles obtenues avec 1’6lectrode a 
fluorure et avec celles predites par la clearance renale du fluorure 
radioactif. L&art type relatif lorsqu’on mesure le fluorure 10-BM 
dans 2 ml de serum est de & 10 %. 
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Summary-The polarograhy of 24 metal oxinate complexes extracted 
into chloroform, IBMK, and ethyl acetate has been investigated, a 
methanolic solution of lithium chloride being used as base electrolyte. 
Only 15 complexes gave rise to reduction waves, and interferencefree 
determinations have been developed for indium and thallium(II1) in 
chloroform, and for bismuth, molybdenum and uranium in IBMK. 
The use of ethyl acetate offered no special advantages, and was the 
least selective of the three solvents used. 

THE ADVANTAGES associated with a polarographic examination of an organic phase 
following solvent extraction have been illustrated in previous communications in 
this series with reference to both ion-associatior? and chelate3 extraction systems. 
This method of analysis provides a solution of standard composition enabling 
polarographic waves to be identified easily and used for quantitative analysis. 

The extraction system examined not only extends the range of application of 
this technique, but also provides some fundamental knowledge concerning the 
polarographic behaviour of 8-hydroxyquinoline (oxine) complexes in organic solvents 
of low dielectric constant. The only related polarographic examination known to 
us is the study of copper and palladium oxine complexes in acetic acid solution,4 
but the conditions used for it were not typical of those which prevail following the 
normal solvent extraction of complexes into organic solvents for the purpose of 
analysis. 

EXPERIMENTAL 
Apparatus 

An Elliot Polarographic Model 200 was used with a dropping mercury electrode. The following 
operating conditions were used: potential sweep OGOS V/set, drop time 3.4 set, height of mercury 
reservoir 60 cm, mercury flow-rate 2.264 mg/sec, temperature 18” (approx.), no damping or counter- 
current. An internal mercury pool anode was used and a mercury seal was used to prevent re- 
absorption of oxygen. Deoxygenation was achieved by bubbling oxygen-free nitrogen through a 
5-ml sample for not less than 2 min. 

Reagents 

8-Hydroxyquinoline, 0*1&f, in chloroform, isobutyl methyl ketone (IBMK) or ethyl acetate. 
Metal ion solutions, 10-sM. 
Potassium perchlorate, l&f. 
Lithium chloride, 0*5M in methanol. 

Extractions 

Equal volumes (15 ml) of O.lM 8-hydroxyquinoline solution and an aqueous solution con- 
taining 2 ml of 10-BM metal ion solution, 5 ml of IO-*&Z acidic aqueous oxine solution (to prevent 

* Part III--TaZuntu, 1967, 14, 715. 
1025 
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precipitation of metal hydroxides) and 1 ml of 1M potassium perchlorate to give a constant 
ionic strength, were shaken together. The pH was controlled by the addition of sodium hydroxide or 
perchloric acid, and checked with a pH meter. After equilibration (cu. 1 mm), the two phases were 
allowed to separate. The organic phase was then transferred to a 25-ml standard flask, containing 
5 ml of 0.5M lithium chloride in methanol, and diluted to volume with methanol. A 5-ml portion 
was transferred to the polarographic cell containing about 5 ml of mercury as anode-pool, and deoxy- 
genated. Polarograms were recorded at an instrument sensitivity of 4 ,uA full-scale deflection, over 
the available potential range. 

RESULTS 

The half-wave potentials of the polarographic waves observed in IBMK, chloro- 
form, and ethyl acetate are listed in Table I. The aqueous phase was examined 

TABLE I.-POLAROGRAPHIC BEHAVIOUR OF SOME METAL-• XINE COMPLEXES 

Metal ion Aqueous phase, pH 
IBMK 

E,/n vs. Hg pool, V 

chloroform ethyl acetate 

_* 
t 

Be 
Bi 
Cd 
Ce 
Co0 
Cu(I1) 
Ga 
Fe(II1) 
In 
Mn(I1) 
Mo(V1) 
NbO 
Ni 
Pb 
Pd 
SnOI) 
Sn(IV) 
Ti(IV) 
Tl(II1) 
U(VI) 
V(V) 
W(vI) 
Zn 
Zr 

7 

8 
6 
8 

10 
8 
4 
8 
4 
7 
8 
2 
6 
5 
8 
8 
3 
3 
4 
7 
7 
4 
3 
4 
2 

-1.0 -0.8 
-1.5 -0.8 

- - 
-0.01 -0.41 

- - 
- 
- 

-0.19 
- 

PPte 
- 
- 

-0.3 

PPte 
-0.77 
-0.35 

-0.18, -0.73 
- 

-0.94 
- 
- 

-0.43 

- 
- 
- 

_ 

- 
- 

-0.33 
- 

-0.3 
-0.1 

-0.46 

PPte 
- 
- 

-0.6, -0.75 
- 
- 
- 

-0.3 
-0.55 

- 

- 

-1.2 
-2.0 

- 
-0.36 

- 

PPte 
0.76 

-0.33 
-0.7 
-0.24 
--0.3 

PPte 
-0.3 

PPte 
-0.76 

-0.33, -0.67 
-0.21, -0.66 

-064 
-0.74 
-0.82 

- 
-0.47 

- 
- 
- 
- 

* Solution containing all reagents used, but no metal ion. 
t In absence of oxine. 

before the extraction, but only the lead and tin(I1) complexes produced polarographic 
waves, at -0.32 and -0.4 V respectively. 

Elements which do not normally give well-defined polarographic waves in aqueous 
solution, e.g., silver, beryllium, magnesium, niobium and thorium, but which are 
extracted appreciably by Shydroxyquinoline in organic solvents5 were also exam- 
ined. However, in no instance was a reduction wave observed in the organic phase. 
Thallium(I) was not examined because it is not quantitatively extracted by this reagent. 

Although chloroform is the most widely used solvent for oxinate complexes the 
somewhat limited potential range available with it prompted the examination of 
IBMK and ethyl acetate. It is not very surprising that some of the reduction waves 
noticed in chloroform are not observed in the other solvents, probably because of 
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less efficient extraction, e.g., thallium(II1). It is also not surprising that the additional 
waves observed in IBMK and ethyl acetate are those of species with reduction poten- 
tials beyond the range of chloroform, e.g., tin(W) and titanium(N). However, 
it is difficult to account for the appearance of the reduction waves for cobalt(II), 
gallium, tin(U) and tin(N) in ethyl acetate, nickel and lead in IBMK and ethyl 
acetate, and the disappearance of the indium reduction wave in IBMK. 

Analytical determinations following selective solvent extraction are often based 
on calorimetric methods, involving either direct measurement of the amount of the 
metal chelate in the organic phase or, if more sensitivity is required, back-extraction 
into an aqueous phase, which is often followed by destruction of the 8-hydroxyquino- 
line present and development of a more sensitive colour with some other reagent. 
Such methods are, however, time-consuming and it is often very difficult to destroy 
the 8-hydroxyquinoline. 6 In addition, even with accurate pH control and the use 
of masking agents it is not always possible to obtain a sufficiently selective extraction. 
This is particularly evident in the fluorescence determination of oxinate complexes 
of aluminium, gallium, indium, etc. 

One major analytical technique capable of dealing directly with the organic phase 
is atomic-absorption spectroscopy, but this does not permit sequential analysis in 
the true sense, as does polarography. 

In the chloroform phase (Table I) reduction waves of only 8 of the 24 species 
examined are observed, viz., bismuth, copper( iron(III), indium, molybdenum(VI), 
palladium, thallium(III) and uranium(W), and of these only indium and thallium@) 
have been further investigated because neither produces waves in the other two 
solvents studied. The species bismuth, molybdenum(VI) and uranium(V1) have been 
studied in more detail in IBMK; copper( iron(III), nickel and lead were not 
subjected to further investigation because of the abundance of analytical methods 
already available. Palladium was not examined in detail because it was only 
extracted very slowly and the ethyl acetate system was ignored because it was the 
least selective and gave additional waves only for cobalt and for gallium. 

Chloroform extraction of indium and thallium 

Linear calibration curves for both indium and thallium(III) were obtained over the 
range l-100 ppm. The range could presumably be extended by using the extraction 
system as a means of concentration .3 The extraction procedure used was the same 
as that described above at pH values between 4 and 9. A plot of log i/(id - i) vs. 
E were linear for the indium and thallium(IlI) waves, with slopes giving values of 
n (no. of electrons in electrode reaction) of I.48 and 1.77 respectively. 

The indium reduction wave is sufficiently positive, in comparison with the 
other co-extracted ions, i.e., bismuth, copper(U), iron(III), molybdenum(W), 
palladium, thallium(III) and uranium(W), for there not to be any severe interference. 
However, very large excesses of other ions are undesirable because they will certainly 
consume reagent, possibly at the expense of indium. In this event, the following 
masking scheme was found to be effective in eliminating the extraction and thus the 
interference of 50-fold molar excesses of these ions. 

(i) Extraction at pH 5 in presence of potassium cyanide masks to a considerable extent the ex- 
traction of copper@), iron(III), molybdenum(W) and palladium and partly that of bismuth. The 
extraction of indium, thallium(W) and uranium(W) remains totally unaffected. 

3 
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(ii) Extraction at pH 5 with added cyanide and oxalate completely prevents the extraction of 
bismuth, copper(R), iron(U) and uranium(V1). 

(iii) If the organic phase remaining after (ii) is washed with an aqueous solution of sodium 
sulphite, thallium(II1) is back-extracted and a wash with an EDTA solution at pH 12 was found to 
remove the last traces of molybdenum(W) and palladium. 

For the determination of thallium the first two steps of this masking scheme should be used, but 
phosphate should be added as well in step (ii) to prevent extraction of indium, and the final solution 
should be scrubbed with EDTA at pH 12 to remove traces of molybdenum(W) and palladium. 

In neither extraction can EDTA be used as a mass masking agent, because it 
prevents the extraction of indium and thallium(II1) oxinates under almost all con- 
ditions. 

IBMK extraction of bismuth, molybdenum and uranium 

A similar extraction procedure was again used at pH 4-9 for bismuth, pH l-5 
for molybdenum(VI) and pH 5-9 for uranium(W), and linear calibration curves 
were obtained over the range l-100 ppm. Plots of log i/(& - i) ZIS. E were linear 
with slopes giving values of n for bismuth 1.10, molybdenum(Vl) 048, and uranium 
(VI) 0.88. 

The possible interfering ions are bismuth, copper( molybdenum(W), nickel, 
lead, palladium, tin(W) and uranium(W). 

For the determination of bismuth the following masking scheme was found to 
be effective, although the half-wave potential of its reduction wave is such that other 
elements need not be completely eliminated. 

(i) Extraction at pH 4 loaves lead in the aqueous phase. 
(ii) Extraction at pH 4 in presence of ascorbic acid completely masks copper(D) and partially 

masks palladium. 
(iii) Extraction at pH 4 plus ascorbic acid and potassium cyanide masks copper(R), palladium and 

nickel. 
(iv) Extraction as in (iii) plus tartrate also prevents extraction of uranium(VI). 

Under these conditions only bismuth and molybdenum are extracted. It was not 
found possible to mask the extraction of molybdenum completely, even by back- 
extraction into an aqueous phase at pH>8 [(Mo(VI)-oxinate is said6 not to be 
extracted into chloroform at pH > 81. The only method capable of eliminating 
molybdenum is to extract initially at pH > 8. It would then be necessary to back-ex- 
tract into an aqueous phase those other ions likely to interfere. However, the 
separation of the bismuth and molybdenum(W) reduction waves (-0.01 and -0.3 V 
respectively us. mercury- pool anode) is sufficient to allow the determination of bismuth 
in the presence of quite large quantities of molybdenum. The following simple 
masking procedure depends almost entirely on the high extractability of the molyb- 
denum(VI)-LLhydroxyquinoline complex and can be used for the determination of 
molybdenum. 

(i) Extraction at pH 1 masks the extraction of all ions except molybdenum(V) and a small 
quantity of palladium (slow extraction). 

(ii) Extraction at pH 1 in presence of EDTA allows only molybdenum(VI) to be extracted. 

Again, for the determination of uranium it is necessary to mask the extraction 
of those other ions which are extracted and give rise to polarographic waves. The 
following masking procedure proved to be effective. 

(i) Extraction at pH 7 in presence of potassium cyanide completely masks copper(R) and nickel 
and partly molybdenum(V1). 
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(ii) Extraction at pH 7 in presence of cyanide and EDTA prevents extraction of copper(H), 
nickel, molybdenum(VI), bismuth, lead and palladium. 

In none of these instances was tin(W) considered, because of its facile reduction 
to tin(IJJ which does not give rise to a reduction wave. 

Conclusions 

The organic reagent 8-hydroxyquinoline reacts with about 45 metal ions. In 
consequence its use in analytical chemistry is restricted unless the final method of 
measurement is relatively selective. Even with the use of masking agents, it is not 
always possible to achieve a sufficiently selective separation, e.g., indium and gallium. 
These complexes give rise to almost identical maximum wavelengths of absorption 
and emission and hence spectrophotometry and spectrofluorimetry are of little use 
in distinguishing between them. A similar situation might occur with mixtures of 
other elements. 

Direct polarographic examination of the organic phase following solvent extrac- 
tion has been shown to eliminate a number of problems because it does not nec- 
essarily require a very selective extraction or the use of a particular solvent. In 
addition it offers a sensitive method of determination, particularly if the extraction 
system is used as a means of concentration. 

Zusammenfassung-_Das polarographische Verhalten von 24 in Chloro- 
form, IBMK und Athylacetat extrahierten Metalloxinaten wurde mit 
einer methanolischen Losung von Lithiumchlorid als Leitelektrolyt 
untersucht. Nur 15 Komplexe riefen Reduktionsstufen hervor; 
stiirungsfreie Bestimmungsmethoden wurden entwickelt ftir Indium 
und Thallium(III).in Chloroform sowie fur Wismut, Molybdtin und 
Uran in IBMK. Athylacetat hat keine besonderen Vorteile und war 
unter den drei verwendeten Losungsmitteln das wenigsten selektive. 

R&uG--On a 6tudie la polarographie de 24 complexes metalliques 
de l’oxine extraits en chloroforme, m&hylisobutylcetone et acetate 
d’ethyle, une solution methanolique de chlorure de lithium &ant 
utili& con-me &ctrolyte de base. Seulement 15 complexes engendrent 
des vagues de reduction, et l’on a Blabore des dosages exempts d’inter- 
ferences pour l’indium et le thallium(II1) en chloroforme, et pour le 
bismuth, le molybdene et l’uranium en m&hylisobutylcdtone. L’emploi 
da&ate d’ethyle n’a pas offert d’avantages speCiaux et il a et6 le 
mains selectif des trois solvants utilises. 
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COMPLEXES MIXTES DES NITRILOTRIACETATES 
METALLIQUES AVEC L’ACIDE GLUTAMIQUE OU 

AVEC L’ACIDE ASPARTIQUE 

J. ISRAELI et M. CECCI-IETTI 
Departement de Chiie, Universite de Montreal, Montreal, P.Q., Canada. 

(Recu le 25 mars 1968. Accept6 le 15 avrill968) 

R&xnn&Les nitrilotriacetates mdtalliques r&&sent avec l’acide 
glutamique et avec l’acide aspartique en formant des complexes mixtes. 
On a determine la constante de formation de ces complexes mixtes. 

LA RI~ACTION des nitrilotriacetates metalliques avec la glycine, la serine et l’arginine a 
et6 CtudiCe dans ce laboratoire.rs2 Quelques complexes mixtes de la serine ont CtC 
6tudiCs r&emment.3 Jusqu’a present aucun complexe mixte de I’acide glutamique et 
de l’acide aspartique n’a et6 signal6 dans la litterature. Dans ce travail nous avons 
6tudie la reaction des nitrilotriacetates metalliques avec l’acide glutamique et avec 
l’acide aspartique. 

PARTIE EXPERIMENTALE 

Nous utilisons des solutions de perchlorates metalliques qui sont Btalonnks par des methodes 
complexometriques.4*5 On emploie l’acide glutamique L et l’acide aspartique DL, tous les deux 
produits de la kme BDH. 

L’electrode de calomel du pH m&e “Radiometer Model 26” est relike a la solution par un pont 
Fisher 13-639-55, rempli dune solution de NaNOs, 05M. 

Les titrages pH-metriques sont effectues a tme force ionique de 0.1 maintenue constante par 
NaClO, et a la temperature de 25”. 

RESULTATS 

Sur la Fig. 1 nous montrons le titrage d’un melange CquimolCculaire de perchlorate 
de nickel de nitrilotriacetate disodique et d’acide glutamique. Soit “a” le nombre de 
moles de base ajoute pour une mole de metal. Sur la Fig. 1 on observe qu’il y a deux 
points d’inflexion situ& respectivement a a = 2 et a = 3. Jusqu’a a = 2 on titre le 
proton qui provient du nitrilotriacetate disodique et le proton qui provient du groupe 
carboxyle a de l’acide amine (H,L). En cette region on forme le complexe simple 
MeX-. 

Entre CI = 2 et a = 3 on titre l’autre proton de l’acide amine qui est normalement 
lie au groupe NH,. Dans cette region de titrage on forme le complexe mixte MeXL. 
Des resultats similaires sont obtenus avec Cu(II), Co(H), Zn(II), Mn(II) et Cgalement 
quand on utilise l’acide aspartique a la place de I’acide glutamique. Pour Cu(II), 
Co(I1) et Ni(I1) nous avons Ctudie aussi la composition des complexes mixtes par la 
mtthode des variations continues .6*7 Dans la Fig. 2 nous montrons les courbes 
obtenues pour le systeme cuivre-nitrilotriacetate-glutamate. Sur cette Fig. on voit 
clairement que le complexe mixte contient le metal, le nitrilotriacetate et l’acide 
amine dans la proportion 1 :l :l. 

Etant donnt que le complexe simple et le complexe mixte se forment suivant deux 
&apes distinctes, nous calculons la constante de formation des complexes mixtes en 
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PH 
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I I , 1 
FIG. 1 .-Titration par la soude d’un melange contenant perchlorate de nickel O*OlM en 

presence de nitrilotriacetate disodique O*OlM et d’acide glutamique 0*01&f. 
“a” represente le nombre de moles de soude ajoute pour une mole de nickel. La force 

ionique de la solution eat maintenue a 0.1 avec l’aide du NaClO,. 

1 

1 9 X _ 2345678 ml 
9 8 7 G 5 4 3 2 I ml L 

FIG. 2.-Courbes des variations continues pour le systeme Cu(II), nitrilotriac&ate (X) 

Composition de la solution: 
et glutamate (L). 

5 ml Cu O*lM + x ml X 0*1&f + (10-x) ml L O*lM + 
35 ml HoO; pH = 8. La courbe 1 a et6 mesur6 51 A = 620 rnp et la courbe 2 a 6tC 

mesur6 a A= 850 rnp. 
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utilisant la portion de la courbe de titrage situCe entre a = 2 et a = 3. Selon la 
notation de Martell* les Equations suivantes sont valables dans cette dernibre rkgion: 

c,, = c, = c, (1) 

CYe = [MeX] + [MeXL] (2) 

G, = D-&L1 + CW + Ll + [MeW (3) 

(3 - a)C,, = 2[H,Ll + WI + [HI - WI (4) 

K 
1 

= D-U[Ll K = WIDW 
[HL] l2 W2Ll 

[MeXL] 

% = [MeX][L] 

(5) 

(6> 

Les valeurs de KI et K12 sont redkerminbes et l’on trouve: pour l’acide glutamique 
KI = 3,16 - 1O-lO et K12 = 7,4 * 10-5; pour l’acide aspartique KI = 2,52 - lo-lo et 
K,, = 2,05 - 10-4. Ces valeurs se cornparent bien a celles trouvkes dans la littCrature.s 

L’Cquation (4) conduit a l’bquation: 

IL] _ (3 - a)&, - [HI + WI - 
WI 2W12 
KfKK 1 1x2 

Avec l’aide des Cquations (2) et (3), l’kquation devient: 

(7) 

K&l + 1 = 
c Me = 

IL1 (1 + $ + g 
Y (8) 

Un graphique de y en fonction de [L] donne une droite dont la pente est 4 et l’or- 
donnCe a l’origine est 1. Les constantes Kf ne dbpendent pas de la concentration 
initiale des reactifs qui varie entre 4*KF3M et 2*10-2M. La constante de formation Kf 
des complexes est don&e dans le Tableau 1. 

TABLEAU ~.--~ONSTANTFS DE FORMATION DES CQMPLEXES 
MIXTB MeXL 

L = glutamate 
Me 

L = aspartate 
log Ki log Ki 

wIQ 5,lO f 403 5,31 f 0,02 
Ni(ll) 4,04 f 0,03 4,20 f 0,03 
0 2,96 f 0,03 3,21 f 0,03 
WI0 2,96 f 0,04 3,24 f 0,03 
Mn(II) 2,22 zt 0,04 2,08 f 0,04 

DISCUSSION 

Les constantes de formation de complexes mixtes suivent la shie de stabilitk de 
Irving-Williams. lo On observe aussi qu’il n’y a pas grande diffkrence entre la stabilitb 
de complexes mixtes dtkivant de l’acide glutamique et ceux dhivant de l’acide as- 
partique. Les complexes mixtes de l’acide aspartique sont un peu plus stables que les 
complexes mixtes de I’acide glutamique, parceque l’acide aspartique est un peu plus 
basique que l’acide glutamique. 
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11 faut noter que les constantes de formation des complexes ttudits dans ce travail 
sont trbs proches de celles des complexes mixtes de la glycine, de la sCrine et de 
l’arginine.l** 

Soit KMex la constante de formation du complexe MeX et Kl la constante de 
formation du MeL. Evidemment la constante de stabilitt globale du complexe 

mixte K, est @ale A KMexKp 
Nous avons trouvb empiriquement que, pour les complexes mixtes, la relation 

i 1 
- 22 

- 20 

FIG. 3.-Log KS en fonction du log Kxex K,, pour les complexes mixtes de l’acide 
aspartique. 

suivante est valable: 

log K, = a log K,,,K, + C 

Sur la Figure 3 nous reprtsentons cette relation pour les complexes mixtes de l’acide 
aspartique. Les constantes KMex et Kl sont empruntCes Q la litt&ature.g 

CONCLUSION 

11 nous semble que la constante de formation des complexes mixtes qui se forment 
suivant la rtaction des nitrilotriacttates mitalliques avec des acides amints est 
principalement influencCe par le groupe carboxyle et le groupement a-amino, le 
reste de la molCcule de l’acide amine n’ayant que peu d’influence. 

Zusammenfassuog-Metallnitrilotriacetate reagieren mit Asparagin- 
und Glutamin-slure und bilden mit diesen gemischte Komplexe. Die 
Bildungskonstanten der Komplexe wurden hestimmt. 

Summary-The metallic nitrilotriacetates react with aspartic acid and 
glutamic acid and form with them mixed complexes. The formation 
constants of these complexes were determined. 
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POTENTIOMETRIC STUDIES ON THE FORMATION 
OF METAL COMPLEXES WITH TRANS-1,2- 

DIAMINOCYCLOHEXANE-N,N,N’,N’-TETRA-ACETIC 
ACID-I 

PROTONATION OF THE LIGAND 

KNUT SCHR~DER 
Norges laererhergskole, Kjemisk institutt, Trondheim, Norway 

(Received 6 December 1967. Accepted 14 March 1968) 

S---The protonation of tranr-1,2-diaminocyclohexane-N,N, 
N’,N’-tetra-acetic acid is studied potentiometrically with the hydrogen 
electrode. The formation constants have been re-evaluated at 25-O” 
at an ionic strength of 3.0 (HaClOd), with a least-squares treatment of 
the data. The potentiometric data are explained from the law of mass 
action, using a model which assumes five different ligands to be present 
in the solution; the logarithmic stepwise stability constants are then 
9.90, 6.72, 3.65 and 3.21 for the mono-, di-, tri- and tetra-protonated 
ligand respectively. 

IN THIS laboratory, investigations on the formation of metal complexes with different 
polyaminepolycarboxylic acids are of great interest. Among these, chelates with 
trans-l,2-diaminocyclohexane-N,N,N’,N’-tetra-acetic acid are among the compounds 
especially studied. 

As this ligand is partly dissociated in aqueous solution, a proper knowledge of its 
behaviour is of fundamental importance in the study of complex formation. In the 
evaluation of stability constants of metal chelates, the protonation constants are 
parameters in the calculations. Thus it is essential to know these most accurately. 
The dissociation constants have previously been reported from several independent 
laboratories (Table I) and differ greatly from one laboratory to another. It therefore 
seemed desirable to make a very careful study of the dissociation properties of this 
compound. In the present investigation, models have been sought which give the best 
explanation of the potentiometric results. This is done in two ways: the potentials of 
the solution and the corresponding model solution are made identical for each ex- 
perimental point and the difference in the amount of base added to each solution is 
considered, or the amounts of base added are made equal and the difference in po- 
tentials is considered. 

Apparatus 
EXPERIMENTAL 

The potentials were measured with the Dynamco digital voltmeter 2022 (Dynamco Instruments 
Limited, Surrey, England), measured after stabilization to within O-1 mV. The Metrohm Coulom- 
eter E-211 (Metrohm AG., He&au, Switzerland) was used as a source of constant current (f0.1 %). 
Timing was by counting the impulses from an oscillating circuit. 

1035 
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TABLE I.-DISSOCIATION CONSTANTS OF truns-l,2-D~~o~~~~o~xA~-N,N,N’,N’-n?mA-AClc 
ACID (H,X) 

Logarithmic formation 

Ref. Method Medium and temp. y constants* 

kz k0 ks ka 

Reported 
accuracy 

1 Hydrogen electrode O*lM KCl, 20°C 11.70 6.12 3.52 2.43 - 

2 - - 10.80 7.56 3.3 3,4 Solubility p=o 20°C - - 1.92 ;:;6 q 
: Glass electrode O.lM KNO*, 25.3”C 10.76 6.13 

Glass electrode O*lM KNO*, 25°C 11.58 6.12 3Y5 2?0 q 
7 Spectrophotometry O*lM KNO*, 20°C 12.3 - - - &O-25 
t Glass electrode 1M NaClO,, 2O”L 8.85 6.48 2.3 2.2 +(0*02-0.05) 

* kI = [HX8-]/[H+][X4-1; kl = [H,X*-]/[H+][HX8-] etc. 
t G. Anderegg, Helv. Chim. Acta. 1967, 50, 2333 (added in proof). 

Reagents 

The truns-l,2-diaminocyclohexane-N,N,N’,N-tetra-acetic acid (DCTA) was reagent-grade 
quality from Flti and was used without further purification. 

The perchloric acidp.a. was obtained from Riedelde Ha&, Hannover, Germany, and the sodium 
pe.rchl0ratep.a. from Fluka. The hydrogen was made oxygen-free by passing it through a hot copper 
cohlmn. 

Method 

The protonation was studied by means of the following electrode system: 
Ag/Ag+ (OeOlM), Clod-(3M), Na+(2.99 mM)/NaC10,(3M)/experimental solution/Pt (H,). 
The base added was internally generated electrolytically by means of a separate electrode system: 
Ag/Ag+(O.lM), ClO,-(3M), Na+(2.9M)/ NaC101(3M)/experimental solution/Pt. 
Both electrode systems were designed as described by Forsling et al.8 

TABLE IL-DISSOCU~ON CONSTANTS FOR DCT’A, AND THE IONIC PRODUCT FOR WATER (3WM 
NaClO&, 25WW) 

Reaction 

HI0 = H+ + OH- 
H+ + X”- zz HX’- 
H+ + HX”- = HPX*- 
H+ + H*X*- = HIX- 
H+ + HX- = HIX 

Equation 1 minimized Equation 4 minimized 

log k Standard deviation log k Standard deviation 

-14.48 0.01 - 14.52 0.03 
9.91 0.01 9.88 0.02 
6.72 0.01 6.72 0.01 
3.61 0.02 3.69 0.02 
3.23 0.03 3.19 0.05 

E0 for the hydrogen electrode used was found to be -0644 V (s.d. OWO3 V) for equation 1 and 
-0642 V (s.d. OWO5 V) for equation 4. 

To avoid the presence of oxygen and carbon dioxide, hydrogen gas was bubbled through the cell, 
as well as being passed to the Pt(Hd) electrode; this also gave satisfactory stirring. 

The titrations always started from acid solution, the cell being connected as cathode in the coulom- 
etric circuit. This was preferred in order to eliminate the presence of carbonate. 

The normal potential of the hydrogen electrode (EO) was determined from Gran plot@ of results 
from separate coulometric titrations. The experimental solution was 2.999M sodium perchlorate with 
OeOOlM perchloric acid. The concentration of the perchloric acid was found from Gran plots. This 
titration was performed over the pH range 2-l 1, and the ionic product of water could be determined. 
The results are given in Table II. 
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A titration curve of O*OOlM DCIA in 3*OM sodium perchlorate is shown in Fig. 1. This curve 
has-as expected-two inflections, after the addition of two and three equivalents of base, indicating 
the possible existence of a di- and a tri-protonated compound in solution. 
conclusions might be of questionable validity. 

Any other simple and direct 

Interpretation of the results 

The Algol version of the least-squares computer programme LetagroprO was kindly supplied by 
L. G. Sill&r. This programme was modified for our computer (Univac 1107) to give sufficiently 
short computing time, because the potentiometric data resulted in numbers of very different orders of 
magnitude. The computing was started by estimating the dissociation constants published by 

Mole ratlo of protolyk hydrogen10 DCTA 

FIG. I.-Titration curve of 1.00 X 10-*&f DCTA in 3.OM NaClO, with internally 
electrolytically generated base (2WO”C). 

0 0 0 experimental points. 
- - - - - - theoretical curve, using the dissociation constants minimixing equation 1. 
- theoretical curve, using the dissociation constants mimmixing equation 4. 

Schwarxenbach and Ackermann,l slightly modified in accordance with the titration curve obtained 
in this work. After a few successive refinements, some corrections for systematic errors owing to 
small impurities in the sodium perchlorate and to inaccuracy in the normal potential were made, 
before the re6nement of evaluation of the dissociation constants and of the ionic product of water 
could be continued. 

The square-error sum to be minimized in the calculation was first chosen to be 

lJ, = C(Hca1c - Hexpy (1) 

where HexP is the tota Iconcentration of protolytic hydrogen calculated from the concentrations of the 
various compounds in the solution and Hcalc is obtained from the equations 

H CSIC = [H+l + &HiX (2) 

together with sufficient mass-action equilibrium equations to describe the system. 
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Afterwards, the calculations were repeated by defining the square-error sum according to the 
equation 

U, = C(Ecm - Eerp)* (4) 

where Eexp is the measured potential (in volts) vs. the reference electrode system. A Newton-Raphson 
procedure was used to determine the calculated potential (Ecs~, making HMO - J&O = 0. 

Even with use of the computing method to ve the com‘plex-formation parameters-along the main 
axes of the pit,1° it was found desirable to describe the system by the law of mass action in such a way 
that the co-variations of the parameters were made as small as possible. This was best done by 
describing the system with stepwise dissociation constants together with the ionic product of water. 

6, 62636465666768697.07.1 7.2 

pk, 

FIG. 2.-The influence of the dissociation constant k2 on the square-error sums Ur 
(curve 1) and U, (curve 2). The remaining dissociations and the ionic product of water 

are taken at the minima. 

Because of the logarithmic nature of potentiometric measurements, the logarithmic values of these 
assumed constants were used as basic points during their systematic variation to obtain favourable 
error distributions. 

The calculated stepwise stability constants minimizing equation 1 were used as initial values for 
further refinements using equation 4. This resulted in the detection of a serious mistake in the previous 
calculations, that resulted from having reached an inflection instead of a minimum. To avoid further 
mistakes, successive refinements were initially made by alternately minimizing equation 1 and 
equation 4, followed by Snding the two sets of minimizing parameters. 

Table II shows the computed constants for the various dissociated species in the solution at the 
minimum, from equations 1 and 4. There are apparently good reasons for introducing five species 
ranging from unprotonated to tetraprotonated to explain the experimental data, as the introduction of 
all these compounds and the ionic product of water resulted in significant lowering of both square- 
error sums (V, and 17,). As an example, the square-error sums at different pk, values are shown in 
Fig. 2. 

DISCUSSION 

Because of the low solubility of the reagent, it has only been studied in concen- 

trations of OWlM. Thus the data do not make it possible to determine the existence 

of polymeric products (e.g., HX, etc.) The high ionic strength (3.044 sodium per- 
chlorate) used means that the dissociation values cannot be compared with the 
previously published values, but it also ensures that errors due to ionic strength effects 
are kept very slight, even in the very strongly acidic and alkaline solutions which had to 
be used, because the ionic strength is then essentially dependent only on the con- 
centration of the inert salt added. The use of the hydrogen electrode instead of the 
more common glass electrode was preferred to ensure reliable results. 
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The dissociation constants are chosen to minimize the square-error sum of the 
measured parameters, giving all the experimental points equal weight. As a very wide 
concentration range is covered, it is highly probable that the way the square-error sum 
is defined influences the dissociation constants which minimize it. Table II shows that 
this will result in only some slightly different constants when the error in potential or 
in the amount of the acid present is minimized. It is assumed that the use of two 
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FIG. 3.-Graphical representation of the effect of co-variance of the dissociation 
constants k, and k, on the square-error sum. This sum is indicated by the contours. 
Curve II: U = 7.0 x lO-*, curve b: U = 6.0 x lo-*, curve c: U = 5.0 x 1O-8, 
curve d: U = 4.0 x 1O-8, curve e: U = 3.0 X 1O-8, curve f: U = 1.5 X 1W 

and point g: U = 1.4 x IO-* (minimum) 

minimizing functions will greatly increase the likelihood of achieving the lowest 
minimum instead of an erroneous one. 

As pointed out by various authors,12*la great care has to be taken in treating 
successive complexes with approximately equal dissociation constants, as misleading 
conclusions are easily drawn. Therefore a more thorough examination of the tripro- 
tonated and the tetraprotonated compound was made by calculating the square-error 
sum with variously combined values of the two corresponding dissociation constants. 
The results are given in Fig. 3, which shows that the constants presented give the best 
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explanation of the experimental data. The distribution of the various compounds in 
solution, with different amounts of base generated, is given in Fig. 4. 

It is of importance that the dissociation constants are quite independent of the 
function used in defining them. This makes the constants more suitable for later use. 

I o- 
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0 I- 

3 2 I 0 

Molar ratlo of protolytlc hydrogen to DCTA 

Fro. 4,Distribution of the species in solution, as a function of acidification, cal- 
culated from Table II (equation 1). 

The present potentiometric study does not make it possible to study the presence of 
compounds containing more than four protons bound to the molecule. Such studies 
require very acid solutions, and this will result in inaccurate measurements. The 
species X4- seems to be present in very strongly alkaline solution. It is obvious that 
species with five or more negative charges are not formed, e.g., X(OH))6-, but owing to 
the difficulties in making measurements in such extremely alkaline solutions, this was 
not verified experimentally. 

Acknowledgements-The author wishes to thank Professor Lars Gmmar Sillen, Kungliga Tekniska 
HBgskolan, Stockholm, Sweden, for the opportunity to use the computer programme Letagrop- 
and other members of that department, among them Dr. Georg Biedermann, for valuable advice on 
experimental procedures. 

Zusammenfaasung-Die Protonierung von trans-1,2-Diaminocyclo- 
hexan-N,N,N’,N‘-tetraessigsaure wurde potentiometrisch mit der 
Wasserstoffelektrode untersucht. Die Bildungskonstanten wurden bei 
25” und einer Ionenstarke von 3,0 (NaClO,) unter Behandlung der 
MeBdaten nach der Methode der kleinsten Fehlerquadrate neu 
berechnet. Die potentiometrischen Daten werden mit dem Massen- 
wirkungsgesetz interpretiert, wobei ein Model1 verwendet wird, das 
fiif verschiedene Liganden in der Losung annimmt. Dann sind die 
logarithmischen Stabilitatskonstanten ftir die stufenweise Protonierung 
9,90; 6,72; 3,65 und 3,21 ftir den ein-, zwei-, drei-, bzw. vierfach 
protonierten Liganden. 
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Rbum~Gn a Btudie potentiometriquement, avec une electrode 
d’hydrogene, la protonation de l’acide tram-1,2-diaminocyclohexane- 
tetracetique. Les constantes de formation ont 6te de nouveau evalu&zs 
a 2&O” a une force ionique de 3,0 (NaClO,), avec traitement des 
domrees par la methode des moindres car&s. On explique les dom&s 
potentiometriques a partir de la loi d’action de masses, utilisant un 
modele qui admet la presence de cinq ligands differents dans la solution; 
les constantes de stabilite logarithmiques eta&es sont alors 9,90; 
6.72; 3,65 et 3,21 pour le ligand mono, di-, tri- et tetraprotone respec- 
tivement. 
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Summary-A review is presented of the analytical potentialities and 
physico-chemical properties of hydroxycoumarins. 

COUMARINS, derivatives of benzo-a-pyrone (I.), occur in plants belonging to the 
natural orders of Orchidaceae, Leguminaceae, Rutaceae, Umbelll$erae and Labiatae.l 

Some coumarin derivatives exhibit distinct physiological, photodynamic and bacteri- 
ostatic activity. 2-4 Besides application of their physiological activity, a number of uses 
have been found for them.5 The chelating characteristics of the coumarins have long 
been known; Cmethylumbelliferone is a well known fluoresence indicator and the 
bacteriostatic properties of some of the coumarins have been attributed to chelation, 

In the last decade various coumarins have been extensively studied as analytical 
reagents. Physico-chemical studies of the ligands and the complexes have also been 
reported.6 The relative positions of the hydroxy and carbonyl groups have been found 
to alter the spectral characteristics of the compounds and the reactivity of the hydroxy 
groups, and the effect of substitution on the absorption spectrum of the parent com- 
pound has been studied. The dissociation constants of the various ligands have been 
determined potentiometrically. The effect of substitution on the basicity of the ligands 
has been investigated and an attempt made to correlate the basicity of the ligands with 
the frequency of the hydroxy group absorption bands in the infrared region. A linear 
relationship between the Hammett u function for the substituted ligands and the 
infrared absorption frequency of the hydroxy group has been established. 

Methylation studies of o-dihydroxycoumarins derived from esculetin and daph- 
netin show that the hydroxy group at the 7-position can be preferentially methylated, 
though ordinarily a dimethyl derivative is obtained. It is concluded that the 7-hydroxy 
group is slightly more reactive than the other but not significantly so. Infrared 
studies indicate the presence of only weak intramolecular hydrogen bonding. 

Coumarins show maximum absorption at about 300 rnp, with log E = 4. The 
spectrum usually shows additional strong bands between 250 and 340 rnp. The intro- 
duction of a hydroxy group into the coumarin molecule modifies its absorption 
characteristics,’ generally causing a bathochromic shift of the principal absorption 
band. This shift due to the auxochromic hydroxy group results from the transition 

* Present address: Hindu College, Delhi-7, India. 
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from the ground state to the excited state by an interaction of the type: 

which would result in a decrease in transition energy and hence displacement to longer 
wavelengths. Compounds such as 5,7dihydroxy-, 6,7-dihydroxy- and 7,8dihydroxy- 
coumarins all exhibit bathochromic shifts. The substitution of a hydroxy group at 
the S-position results in a significant hypsochromic shift. This is possible because a 
hydroxy group in this position binds the electron pair of the pyrone oxygen atom, 
leading to the suppression of the n-rr interactions of coumarins as shown in II. The 
substitution of a hydrogen atom by a methyl group* either in the benzene ring or in the 
heterocyclic ring does not produce any significant change in the absorption character- 
istics of the coumarins. Any hypsochromic effect is attributed mainly to steric 
hindrance with the hydrogen atom at the ortho or peri position. A methyl group 
substituted in the 4-position does not have any marked effect on the spectrum of es- 
culetin but causes a significant hypsochromic shift of the principal absorption band 
of daphnetin. This shift has been attributed to weakening of the conjugation between 
the 7-hydroxy group and the lactone carbonyl group. 

O--H 
. . 

fl HO / ’ o 

/ 1’ /’ 

I-1.: 3 

0 W) 

4-Phenylesculetin shows a considerable bathochromic shift as a result of an increase in 
the number of resonating forms. The phenyl group substituted in the 4-position of 
daphnetin exhibits a weak electron donor effect, this effect being particularly marked 
because the electron contribution to the carbonyl group from the heterocyclic oxygen 
atom is reduced by hydrogen bonding by the 8-hydroxy group (III). As this structure 
does not involve any increase in conjugation of the carbonyl group, there is no great 
shift in the principal absorption band. 

The inductive and resonance effects due to the substituents on the reacting centre 
of the ligand can be measured by the magnitude of the Hammett u function, which 
covers both effects. The Hammett c function has been calculated for some coumarins 
and their derivatives (Table I) and plotted against the infrared frequency for the 
hydroxy groups. Substitution of a methyl group in esculetin and daphnetin has an 
electron donating effect; substitution of a phenyl group has the reverse effect. The c 
values calculated from the first dissociation constant give a linear relationship with 
the frequency shifts, but those calculated by use of the second dissociation constant or 
the overall dissociation constant do not. This shows that only one hydroxy group 
is affected by substitution in the 4-position. The slopes of the graphs for the esculetin 
and daphnetin series are of opposite sign. 
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TABLE I 
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Compound PKI PKI 

Esculetin 7.31 8.03 
4-Methylesculetin 744 8.12 
CPhenylesculetin 7.27 8.01 
Daphnetin 7.32 8.15 
CMethyldaphnetin 7.63 8.42 
4-Phenyldaphnetm 740 8.20 

Hammett u function 

- 
-0.13 
+0*04 

-;31 
-0.08 

Apparent stability constants of metal complexes with various o-dihydroxycou- 
marins have been calculated (Table II) and increase with increase in the basic strength, 
p&e, of the l&and. The greater stability of phenyl -substituted complexes appears to 
be due to resonance effects, but the values for molybdenum complexes with daphnetins 
have not yet been explained. 

TABLE II 

L&and p&z 
MO 

log K for complex 

Nb Ti U 

Esculetin 15.34 3.65 10.43 8.8 3.56 
4-Methylesculetin 15.56 7.55 12.07 10.7 4.03 
4-Phenylesculetin 15.28 8.20 - - 4.30 
Daphnetin 15.47 8.01 12.94 14.9 3.21 
CMethyldaphnetin 16.05 7.21 13.24 - 4.15 
CPhenyldaphnetin 1560 7.45 - - 4.23 

The wavelength of maximum absorption for transition metal chelates with dihy- 
droxycoumarins depends on the concentration of l&and, the pH, and the type of 
solvent. In view of the reducing character of the dihydroxycoumarins, it has been 
suggested that the metal complexes have charge-transfer spectra. 

SYNTHESIS OF COUMARINS 

Coumarins, in general, can be synthesized by the Pechmann reaction> i.e., by condensing the 
appropriate phenolic compound, or its derivative, with malic acid or t%ketonic ester in the presence 
of concentrated sulphuric acid. The methods used for analytically important hydroxycoumarins 
are outlined below. 

Though many methods11-14 are available for synthesis of Chydroxycoumarin and its subsequent 
acetylation in the 3-position, the one due to Stahmarm et a1.l” appears to be the best. In this method 
salicylate is acetylated with acetic anhydride and concentrated sulphuric acid at 40” to yield methyl 
acetylsalicylate, which is then separated and condensed with sodium in liquid pa&in. The reaction 
mixture is kept at 250” for about 2 hr and then filtered hot. Acidification and crystallization yield 
4-hydroxycoumarin, m.p. 200-206”. The coumarin is then acetylated with acetyl chloride in dry 
pyridine containing a few drops of piperidine. The mixture is kept at 37” for 48 hr, then poured into 
ice and dilute hydrochloric acid to yield 3-acetyl-4-hydroxycoumarin. The product, crystallized 
from aqueous ethanol and then sublimed, melts at 138”. 

Oximidobenzotetronic acid15 

The preparation involves the treatment of Chydroxycoumarin with aqueous sodium nitrite 
solution and subsequent acidification in ice-cold medium. On crystallization from hot chloroform, 
shining pale yellow crystals of oximidobenzotetronic acid are obtained, m.p. 149” (decomp.). 

6,7-Dihydroxycoumarin (esculetin)ls 

An intimate mixture of hydroxyhydroquhrone triacetate, malic acid and concentrated sulphuric 
acid is heated on a boiling water-bath till effervescence ceases. The reaction mixture, after cooling, 
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is poured into crushed ice, stirred and left overnight. 
esculetin as pale yellow prisms, decomposing above 270”. 

Crystallization from dilute alcohol gives 

4Methyl-6,7-dihydroxycoumarin (4methylesculetin)1s 

To an ice-cold solution of hydroxyhydroquinone triacetate in acetoacetic ester, concentrated 
sulphuric acid is added gradually with stirring, the temperature being kept at 0” for about 1 hr. 
The deep red viscous product is kept in the refrigerator for 24 hr and then poured, with constant 
stirring, into water. The resulting solid is filtered off, washed with water, dried, and crystallized 
from ethanol as yellow needles (m.p. 276-8”). 

4Phenyl-6,7-dihydroxycoumarin (4-phenylesculetin)ls 

A paste of benzoylacetic ester and hydroxyhydroquinone triacetate is added to 75% sulphuric 
acid and dissolves in it with evolution of heat to form a deep red solution. This solution is heated 
to 80” on a water-bath for about an hour and is occasionally shaken. After cooling to room temper- 
ature it is poured, with stirring, into cold water and the resultant mixture allowed to cool to room 
temperature. After filtration, the precipitate is washed with cold water till free from acid, and is 
then dissolved in hot borax solution, whereupon Cphenylesculetin borate separates. This borate is 
decomposed with dilute sulphuric acid and the product is crystallized from alcohol as rectangular 
tablets and tiny prisms, m.p. 267-8”. 

7,8-Dihydroxycoumarin (daphneti@ 

An intimate mixture of requisite amounts of pyrogallol, malic acid and concentrated sulphuric 
acid is heated for about 2 hr on an oil-bath maintained at 120”. till effervescence ceases. The uroduct. 
after cooling, is poured with stirring into crushed ice and left overnight in the refrigeratbr. The 
solid that separates out, after filtration, is crystallized from dilute alcohol; the daphnetin is obtained 
as pale yellow needles melting at 256-7”. 

4Methyl-7,8-dihydroxycoumarin (4methyldaphnetin)18 

To an ice-cold solution of pyrogallol in acetoacetic ester, concentrated sulphuric acid is added 
gradually with constant stirring, the temperature being kept at 0” for about an hour. The deep 
red viscous liquid is kept in the refrigerator for about 24 hr and then poured with stirring, into water. 
The solid which separates is filtered off, washed with water and dried. 
as colourless needles melting at 234-5”. 

It is crystallized from benzene 

4Phenyl-7,8-dihydroxycoumarin (4phenyldaphnetin)‘s 

To a cold solution of pyrogallol in benzoylacetic ester, the requisite amount of concentrated 
sulphuric acid is gradually added with stirring, the temperature being kept at 0”. The deep red viscous 
product is kept in the refrigerator for about 24 hr and then poured with stirring into water. The solid 
which separates is tiltered off, washed with water and dried. It is crystallized from benzene as colour- 
less needles, m.p. 190-92”. 

3-Phenyl-7,8-dihydroxycoumarin (3-phenyldaphnetin)“” 

The compound can be synthesized by the method of BargellnFl as modified by Krishnaswamy.oa 
Pyrogallol, sodium acetate and acetic anhydride are refluxed for 10 hr, cooled, and poured into water. 
The acetate which separates out is deacetylated with cold concentrated sulphuric acid. The compound, 
on crystallization from aqueous alcohol, melts at 213-5”. 

3-Ben.zyl-4,5-dihydroxycoumarin2a 

An equimolar mixture of resorcinol, ethyl benzyl malonate and diphenyl ether is condensed and the 
resulting product is treated with petroleum ether. It is then filtered off, washed several times with 
ether, and crystallized from ethanol, m.p. 259-60”. 

ANALYTICAL APPLICATIONS 

The applications are summarized in Table III. 

Cerium 

Cerium(IV)-3-acetykl-hydroxycoumarin complex is quantitatively precipitated 
at pH 468.5, and as little as 4 mg of cerium has been estimated with this reagent.23 
The complex is usually ignited to CeO, and weighed. As the reagent does not form 
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coumarin Metal ion determined Reference 

(:i,r : ’ “, ‘“,,,, 
OH 

(Iv) 
3-Acetyl-4-hydroxycoumarin 

cm9 (g, 
Fe(II1) (s) 

23 
30 
44 
46 . 

53 

0 

01 

Oximidobenzotetronic acid 

corn (9 
COOI) <g, 
Fe(II) 64 
WI0 <g) 
PdOI) (g, 
&yH$l> wm 6) 

OS0 (s), ww (s) 

2% 
il 

% 
41 
42 
43 

WI) 
Esculetin 

FeWI) 6) 34 
MoWI) 6) 35 
NW? 6) 39 
WW (4 50 

wm 
4-Methylesculetin 

MoWI) (4 35 
NW9 (4 39 
‘NW (4 50 

CPhenylesculetin 

MoWI) 6) 35 
TiN Cgl. WW (g> 49 

MOO 6) ,6 
Ti(Iv) 6) 51 

@r) 
Daphnetin 
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Table (III) continued 

Coumarin Metal ion determined Reference 

OH 

4-Methyldaphnetin 

OH 

GH, 
0 

CPhenyldaphnetin 

Mom) (9 6 
NhO (g), TaO (a 37 
TiO (~9 48 
zr(rv) (g) 57 

OH 

MoWI) (s) 36 
uwu (9 55 

3-Phenyldaphnetin 

3-Benzyl-4,5-dihydroxycoumarin 

(g) gravimetric determination; (s) spectrophotometric determination. 

insoluble complexes with the tervalent rare earth metals, it can be used for the separ- 
ation of cerium(IV) from large quantities of lanthanum, yttrium and gadolinium, etc. 

An attempt24 to use the ammonium salt of the reagent (which is soluble in water 
and thus avoids use of organic solvents) failed because this salt is unstable, tending to 
lose ammonia and give a mono-imide. 
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Cobalt 

In his monograph, 25 Young has summarized the known methods of determination 
of cobalt and mentions oximidobenzotetronic acid (V). This coumarin derivative has 
certain advantages for the spectrophotometric estimation of cobalt.2s From infrared 
studies,= it appears that the oxime and the 4-carbonyl group take part in chelation, 
forming a 6-membered ring with the metal ion. 

Cobalt forms a deep red complex soluble in water and not extractable into chloro- 
form, ether, n-pentanol, benzene, etc. The complex is quite stable and the colour 
remains constant for at least a week. The absorbance of the complex is maximal and 
independent of alkalinity at pH > 10. The complex has maximum absorption at 
485 rnp and obeys the Beer-Lambert law over the range O-4.7 ppm of cobalt. As 
little as 0.01 ppm of cobalt can be determined, and Ni(II), Cu(II), Mn(II), Be(H), 
Zn(II), Al(III), Cr(IlI), V(V), Mo(VI), W(VI), F-, Cl-, Br-, I-, CHsCOO-, SOda-, 
C20da-, Boss-, tartrate and citrate do not interfere. 

For the gravimetric determination27*28 cobalt is precipitated quantitatively with an 
ethanolic solution of the reagent in the pH range 3G6.0 in the presence of ammonium 
chloride or nitrate. The complex can be weighed as such, Co(C,H,NO& after drying 
at 120-170” or as CoSO, after treatment with sulphuric acid. In amounts ten times 
that of the cobalt, Cd(H), Zn(II), Mn(II), Al(II1) and Cr(III) do not interfere. Nickel 
can be tolerated in amounts equal to that of cobalt but CH,COO-, &Od2-, CpHpOs2- 
and POd3- interfere. In a mixture of palladium and cobalt, the latter can be estimatedBO 
in the filtrate after separation of palladium with this reagent. 

Iron 

3-Acetyl4hydroxycoumarin has been used for the spectrophotometric deter- 
mination of iron(IQSO with which it forms an orange 3 : 1 ligand: metal complex soluble 
in aqueous ethanol. The complex has maximum absorption at 400 m,u, obeys Beer’s 
law over the range 1-5-5-3 ppm of iron and is unaffected by acidity over the pH range 
2-8-4.3. The tolerances for various ions in determination of 2 ppm of iron are: Cl-, 
Br-, I-, SCN-, Na and K 200 ppm each; Mg(II) 125 ppm; Pb(II) 115 ppm; Mn(II) 
15 ppm; C20,” 10 ppm; Ni(II) 5.8 ppm; Be(H) 4.5 ppm. Even extremely small 
quantities of Cu(II), MoOda-, WOd2- and citrate interfere. 

Oximidobenzotetronic acid forms a deep blue, water-soluble complex with 
iron(II),31 absorption maximum 625 m,u. A similar reaction occurs with iron(III) but 
with iron(H) the reaction is more sensitive and rapid. The iron complex is stable 
over the pH range 2.5-10.0, and obeys Beer’s law over the range 0.54-5.4 ppm of iron; 
its absorbance is unaffected by temperature between 10 and 50”. The reagent is fairly 
selective for iron, only cobalt, nickel, cerium, zirconium and some of the platinum 
metals giving serious interference. Oximidobenzotetronic acid has also been useds2 
for gravimetric determination of iron(H), in the presence of tenfold amounts or more 
of Mn(II), Al(III), Cr(III), Ti(IV), Zr(IV), Th(IV), Ni(II), Zn(II), Mo(VI), 
Ca(II), Mg(II), CH,COO-, F-, SCN-, POd3-, citrate, tartrate, W(VI), Cu(II), Bi(III) 
and SnQ. The interference due to the last four ions was eliminated by using tartaric 
acid as masking agent. Cerium(III) and (IV), vanadium(V) and EDTA interfere. 
The final alcohol concentration was kept below 5 %, the pH was varied from 0.8 to 
9-O and large amounts of ammonium chloride or nitrate were added. 
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The qualitative application of the colour reaction between iron and esculetin was 
reported by Casparis and Manella, 33 followed by more detailed investigations by 
others.= It has been shown that iron(m) forms two water-soluble complexes, an 
unstable green one at pH 0.5-4.5, and a comparatively stable red one at pH > 7-O. 
The latter is a 3 : 1 1igand:iron complex, shown by electrophoretic studies to be 
negatively charged. Iron can be estimated with this reagent in the presence of F-, Cl-, 
Br-, I- CHaCOO-, SCN-, C2042-, CqH4062-, BOa3-, Pope- and citrate though most 
cations interfere owing to their precipitation at high pH. 

Molybdenum 

In esculetin and its derivatives the 7-hydroxy group is very reactive owing to elec- 
tromeric effects indicated in structure XIV. When a nucleophilic group such as methyl 
or phenyl is substituted in the 4-position, the dissociation of the 7-hydroxy group 
decreases and the ligand becomes less acidic. When complex formation between mo- 
lybdenum and esculetin or its derivatives was studied35 it was found that stability of the 
complex increases with basicity of the ligand. Molybdenum(VI) complexes formed 
with esculetin, 4-methylesculetin and 4phenylesculetin are orange-red and show maxi- 
mum absorption between 384 and 415 rnp. Between pH 5.5 and 6.0 the complex obeys 

(XIV) 

Beer’s law up to 4.8 ppm of molybdenum. Fe, Ti, Th, Ce, V, W, citrate and acetate 
ions interfere seriously. The complexes are 2: 1 ligand: molybdenum. 

Similarly, complex formation between molybdenum(VI) and daphnetin or its 
Cmethyl and 4-phenyl derivatives has been studied. 6 In each case the complex formed 
is orange-red, water-soluble and has Lax N 400 rnp. The major species formed is 1: 2 
molybdenum : ligand but the presence of a lower complex (1: 1) is also indicated. Ce, 
Fe, Ti, Th, V, Nb, W, U, Be, Mn, Zn, Cd, citrate, fluoride and oxalate interfere. 

The 1: 1 yellow complex s6 formed when 3-phenyldaphnetin reacts with molyb- 
denrun has A,,_ 400410 m,u in the pH range l-7 and obeys Beer’s law between 
l-7 and 5.7 ppm of molybdenum. The interfering ions are the same as for daphnetin 
and its Csubstituted derivatives. 

Niobium and tantalum 

Niobium has been quantitatively precipitated and separated from tantalum and 
molybdenum with 4-phenyldaphnetin3’ at pH 5-0-8-5; the complex is ignited to 
Nb,O, which is then weighed. From infrared studies it appears that the hydrogen 
atoms of the hydroxy groups are replaced by the metal ion. Tantalum is also pre- 
cipitated quantitatively at pH 50-8.5 but the precipitate is insoluble in alcohol, in 
contrast to the alcohol-soluble niobium complex. This difference in solubility has been 
utilized for the separation of niobium and tantalum. Molybdenum(VI) forms an 
orange-red water-soluble complex with an alcoholic solution of bphenyldaphnetin. 
7,8-Dihydroxy-4-methylcoumarin has also been used for quantitatively precipitating 
niobium and tantalum.3s 
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Esculetin and its Cmethyl derivative form orange-red water-soluble complexes with 
niobium and these have been investigated for its spectrophotometric determination3s 
at pH 6.5 and 400-405 rnp. The colour of the complexes remains unchanged for 72 hr 
and they obey Beer’s law. The complexes have been assigned a 1: 3 metal : ligand 
structure. For the esculetin complex log /I is 10.43 and for the 4-methyl derivative it is 
12.07. Be(II), FeOT), Fe(IIQ Cu(II), COO, Pb(IIL V(V), MoOrI), Zr(Iv), CeO, 
Ce(IV), Ti(IV), Ta(V), W(VI), SCN-, CHaCOO-, POp3- and citrate interfere. 

Platinum metals 

Oximidobenzotetronic acid has been recommended for the gravimetric deter- 
mination of palladium. 40 An ethanolic solution of the reagent quantitatively precip- 
itates Pd(II) as Pd(C,H,NO&, at pH O-5-1. In 0.5N acid solution, Fe(III), Ni(II), 
Ru(III), RhOI% Os(IQ Irov>, PtO, CrO, Mo(VI), Se(VI), Te(VT), AsO, 
Sb(lTI), BiO, Ti(Iv), Zr(Iv), PbO, AlO, zn(IU, Cd(IJJ Hg(Q, WTI), AgO, 
Au@), CH,COO-, F-, C20:-, C,H,O, , 2- PO,% and citrate do not interfere. 
Cobalt can be determined in the filtrate. 

Spectrophotometric studies of the coloured complexesfl formed by oximidobenxo- 
tetronic acid (OBTA) with ruthenium and rhodium have been carried out and the two 
metals simultaneously determined. Ru(III) forms a purple-violet complex (2 max 520 
rnll> which is stable in the pH range 1.1-l 1.4 and contains ruthenium and ligand in 1: 3 
molar ratio. Ion-exchange studies show the complex is uncharged. The complex obeys 
Beer’s law from 045 to 20.25 ppm of ruthenium and its molar absorptivity is 7.08 x 
103. Rh(III) forms a yellow-brown complex (Lax 385 rnp) at pH 2-8 but at higher 
pH(> 11.5) the complex is reddish-brown with Lar 475 m,u. From ion-exchange 
studies both complexes appear to be [RhCI,(~H,NOJ,]. The red complex obeys 
Beer’s law from O-7 to 15.7 ppm of rhodium and its molar absorptivity is 7.06 x 103. 
Large amounts of NO,, NO,-, Cl-, CH,COO-, F-, SO,“, C!,O,2-, CpH40B2-, BOs3-, 
POa3-and citrate do not interfere but iron@), cobalt@) and other platinum metals do. 

OBTA has been used for spectrophotometric determination of iridium.42 Boiling 
chloroiridate(IV) with ethanolic OBTA solution at pH 10-12 yields an anionic 
wine-red complex with absorption maximum at 476 rnp. The molar absorptivity is 
9.05 x 103 and log /3 is 12.5 -f O-2 (at 30” in 30% ethanol). Ru(III), Fe(U), Co(II), 
Pd(II), Rh(III) and Pt(IV) interfere but Os(IV), Ni(II), PbQ, NO,, Cl-, ClO,- do 
not. 

Complexes of OBTA with Os(IV) and Pt(IV) have been studied spectrophotomet- 
rically.43 Ethanolic OBTA solution forms an anionic brown-red 3 : 1 complex (&,, 
520-540 mp) with chloro-osmate(IV), stable over the pH range l-1-5.0. With chloro- 
platinate(IV) two complexes have been characterized, one being yellow (&_ 425 mp) 
and stable at pH 16-4.0, and the other red (&, 480 m,u) and stable only at pH > 
10.2; both complexes are 2 : 1 and anionic. A method for the separation of Ru(III) 
from other platinum metals by use of Amberlite IRA-410 resin has been suggested, 
since the Ru-OBTA complex is neutral. The formation constants (log @) for the 
Os(IV) and Pt(IV) complexes are 15.6 and 11.6 respectively. 

Thorium 

Thorium has been estimated gravimetrically at pH 2-4 with 3-acetyl-4-hydroxy- 
coumarin.44 Cerium(III) and lanthanum do not interfere. The thorium complex is 



1052 M. KATYAL and H. B. SINOH 

very soluble in alcohol whereas the uranium(W) complex is insoluble and this can be 
used to estimate thorium in presence of uranium. 7,8-Dihydroxy-4methylcoumarin 
has also been recommended for determining thorium.& 

Titanium 

Many hydroxycoumarins have been used for gravimetric and spectrophotometric 
determination of titanium. The complexation of titanium with 3-acetyWhydroxy- 
coumarin in ethanolic solution takes place at pH 7G9.0.~ The yellow precipitate is 
ignited to TiO,. Patrovskp’ recommended 4-methyl-7,8-dihydroxycoumarin for the 
quantitative precipitation of titanium. A method& for the separation and estimation 
of titanium from iron(H) solutions with 4-phenyl-7,8-dihydroxycoumarin at pH 
2G6.5 has been described. Even traces of tartrate, citrate, zirconium and EDTA 
interfere but large amounts of sulphate, acetate and oxalate can be tolerated. Titanium 
forms an insoluble complex with Cphenylesculetin at pH 1.8-3-7 whereas iron(H) 
does not.” Tartrate, citrate, zirconium and EDTA interfere. The composition of the 
complex has been found by applying the method of continuous variations to the pre- 
cipitated species, and is 1: 1. No band is observed at 3500 cm-l in the infrared 
spectrum of the complex indicating the absence of hydroxy groups, whereas there is 
such a band in the infrared spectrum of the free ligand. Evidently the hydrogen 
atoms of both hydroxy groups in the ligand are liberated in complex formation. 

o-Dihydroxycoumarins and their derivatives have been used for spectrophoto- 
metric determination of titanium. All the chelates formed are 1: 3 (metal :ligand). 
Esculetin and its 4-methyl derivatives0 form orange-red, water-soluble titanium com- 
plexes at pH 5.5. 51 Daphnetin has been used for estimating up to 3-O ppm of titanium 
at pH 4+4*5, the tolerance limits (in ppm) for common anions being BOe3- (200), 
citrate (lo), F- (50), S042- (200), PO,% (200) and &042- (120) in determination of 
0.5 ppm of titanium. 3-Benzyl-4,5-dihydroxycoumarins2 has been used to determine 
titanium at pH 1.8-2.5. The system obeys Beer’s law at 380 m,u up to 6-2 ppm of 
metal ion. The orange complex contains titanium and ligand in the ratio 1: 3. 

Uranium 

Uranium has been separated from thorium and determined even in the presence of 
ten times its amount of Ce(IlT) and La@) by use of 3-acetyWhydroxycoumarin as 
precipitating agent. 44 The uranium complex is insoluble in aqueous ethanol but the 
thorium complex is soluble. The uranyl complex is soluble, however, in 95 % ethanol 
and has been found to be 1: 1 and to obey Beer’s law at 380 rnp over the range O-57 ppm 
of uraniumF3 

In view of Sommer’s conclusion 54 that compounds containing ortho and peri 
dihydroxy groups are chromogenic for uranium, 3-phenyldaphneti@ and 3-benzyl- 
4,5-dihydroxy coumari@ were studied. 3-Phenyldaphnetin in ethanolic solution 
forms a water-soluble 1: 1 orange-yellow complex with uranyl ions between pH 5.4 
and 6.0. The complex obeys Beer’s law up to 9 ppm of uranium; log p is 4-O i O-2 
at 30-32” in 30 ‘A alcoholic solution. Tolerance limits (ppm) for common anions are: 
Boss-(30), citrate (lo), F- (20), C,O42- (20), POZ- (20), SOa2- (200). Th(lV), Fe(III), 
Co(H), Ni(II), Ti(lV), Ce(IV), Mo(V1) etc. interfere because of their tendency to 
complexation with o-dihydroxy ligands. Similarly, 3-benzyl-4,5-dihydroxycoumarin 
reacts with uranium at pH 4.0, forming an orange 1: 1 complex solublein % alcohol. 
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The complex obeys Beer’s law up to 30 ppm of uranium; log p is 50 f 0.2. Inter- 
ferences are similar to those for 3-phenyl daphnetin. 

Zirconium 

The complex formed between zirconium and 3-acetyl4hydroxycoumarirF has 
been used for gravimetric determination of zirconium. The complex obtained at 
pH 3.5-7.0 is Anally ignited to ZrO, and weighed. 

Zirconium forms an insoluble 1: 1 complex with 4-phenylesculetin4Q in the pH 
range 2.0-3.0 whereas iron does not. This fact has been utilized to separate these 
two ions. That complexation takes place through the hydroxy groups is proved from 
infrared studies. Tartrate, citrate and EDTA interfere but acetate, oxalate and sulphate 
do not. PPhenyldaphnetin 57 has also been used for gravimetric determination of 
zirconium at pH l-8-7.5. The light yellow, alcohol-soluble complex is contaminated 
with excess of reagent, which cannot be readily washed out, so it is ignited to the oxide 
and weighed. Interferences are similar to those for the esculetin method. 

CONCLUSION 

It is evident that hydroxycoumarins are potentially useful analytical reagents. 
They give quite sensitive reactions and can be made selective by appropriate variation 
in pH or alcohol concentration and the use of suitable masking agents. They can be 
used with advantages in the detection and determination of many metals by spectro- 
photometric and gravimetric techniques. Certain analytically important separations 
and subsequent estimations have been performed with their aid. 

Acknowledgement-The authors are grateful to Prof. B. D. Jain for constant encouragement and to the 
University Grants Commission (India) for the scheme “Analytical Study of Chelates” under which 
the present review has been written. 

Zusammenfassung-Es wird eine Ubersicht iiber die analytischen 
Mbglichkeitcn und die physikalish-chemischen Eigenschaften von 
Hydroxycumarinen gegeben. 

R&&-Gn pr&sente une revue sur les possibilites analytiques et les 
propriettb physico-chimiques d’hydroxycoumarines. 
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SHORT COMMUNICATIONS 

New chromogens of the ferroin type-III 
Some 2-substituted benzimidazole derivatives 

(Received 4 March 1968. Accepted 13 ApriI 1968) 

THE PREPARATION of 23 new ferroin-type chromogens was recently reported by Case.’ The com- 
pounds are derivatives of benzimidazole or imidazole, with pyridyl, quinolyl, 2,2’-bipyridyl or 1 ,lO- 
phenanthrolyl groups substituted for hydrogen at the 2-position of the imidazole ring. All contain 

I I 
one or more possible ferroin-type groupings -N-&C-N-. The results of a spectrophoto- 
metric study of their reactions with iron and copper(I), carried out with samples provided by 
Dr. Case, are reported here. The compounds will be referred to by combined roman numeral 
(derivative type) and letter (substituent) designation; structures and identities are given below. 

I. 2-Substituted benzimidazoles 

9 

R 
IA 4-Methyl-2-pyridyl 

R-C,, 
3J 

IB 4-Phenyl-2-pyridyl 
IC 2-Quinolyl 
ID 2,2’-Bipyridin-6-yl 
IE ZPhenanthrolyl 

II. ZSubstituted 2%imidazo[4,5h]quinolines 

I; IL4 
IIB 
IIC 
IID 
IIE 
IIF 

R 
2-Pyridyl 
4-Methyl-2-pyridyl 
4-Ethyl-2-pyridyl 
4-Phenyl-2-pyridyl 
2,2’-Bipyridin-6-yl 
2-Phenanthrolyl 

III. 2Substituted lH-imidazo[4,5-clpyridines 

B 

R 
III4 2-Pyridyl 
IIIB CMethyl-2-pyridyl 
IIIC CPhenyl-2-pyridyl 
IIID 2,2’-Bipyridin-6-yl 

IV. 2-Substituted 5(6)-phenylbenzimidazoles 

B 

R 
IVA 2-Pyridyl 
IVB 4-Methyl-2-pyridyl 
IVC 4-Phenyl-2-pyridyl 
IVD 2,2’-Bipyridin-6-yl 

V. 2-Substituted lH-imidazo[4,5-fl[4,7]phenanthrolines 
R 

VA 2-Pyridyl 
VB 4-Methyl-2-pyridyl 
VC 4-Phenyl-2-pyridyl 
VD 2,2’-Bipyridin&yl 

1055 
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EXPERIMENTAL 
The syntheses and analyses of the new compounds have been reported by F. H. Case,l who 

furnished the samples used in the present study. 
A description of the various standard solutions, pH buffers, and reagents appears in an earlier 

publication of this series.* The procedures used for studying complex formation and for determining 
absorption characteristics have also been described previously .* All of the solutions prepared for 
spectrophotometric examination were diluted to volume with ethanol in order to attain complete 
dissolution of the complexes. Mole-ratio and continuous variations studies were performed by 
conventional procedures.s*4 

TABLEI.-PROPERTIES OF THE METAL CHELATES 

Metal 
ion Chromogen 

Chelate pH Range for 2, 
colour max. colour mp & 

Fe”+ 

cu+ 

IA 

IR 

IC 

ID 

IE 

IIA 

IIR 

IIC 

IID 

IIE 

IIF 

HIA 

IIIR 

IIIC 

IIlD 

IVA 

IVR 

IVC 

IVD 

VA 
VB 
vc 
VD 

IC 
ID 
IIE 
HID 
IVD 

red 

;2le 

purple 
yellow 
yellow 
red 
blue 
magenta 
blue 
yellow 
orange 
yellow 
orange 
yellow 
orange 
orange 
red ppt. 
red 
blue 

purple 
blue 
magneta 

purple 
magenta 

Purple 
red 

Purple 
magenta 

:;fd’e 

;id@e 

purple 
magenta 
blue 
red 
blue 
yellow 
yellow 
orange 
magenta 
blue 
orange 
yellow 
yellow 
yellow 
yellow 

4-6 
11-12 
4-6 

11-12 
4-6 

11-12 
4-6 
8-12 
4-6 
8-12 
4-9 

11-12 

lZ4 
4-6 
8-11 
4-6 
8-12 
4-6 
8-12 
4-6 
8-12 
4-6 

11-12 

8-12 
4-6 

4-6 

8-12 
4-6 

8-12 
4-6 
8-12 
4-6 
8-12 
4-6 
8-12 
4-6 
8-12 
5-11 
5-11 
7-11 
5-7 
8-12 
4-7 

lo-14 
10-14 
12-14 
lo-14 

502 
525 
520 
540 
416* 
450* 
558 
608 
583 
603 
450* 
460’ 
488’ 
490. 
438* 
450* 
462 

554 
605 

588 

565 
597 

566 

533 
548 
542 
548 
569 

593 
512 
550 
505 
520 
547 
606 
570 
611 
470* 
470* 
475* 
570 
611 
483 
425* 
425* 
415* 
410* 

2200 
2200 
4100 
4200 

800 

8z 
6600 
9600 

11900 
600 

1000 

lzz 
300 
600 
600 

- 
7300 
5700 
6200 

10700 
2300 
3200 
1900 
2800 
5000 
9500 
9600 
7400 
2300 
2600 
2400 
2500 
5400 
7100 
7000 
5900 

700 
600 

1000 
7000 
5900 
3600 

16000 
15800 
14400 

13000 

* Shoulder; absorption band of complex overlaps that of free ligand. 
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RESULTS 

The chromogenic properties of the benzimidazole derivatives with respect to iron@) chelation 
are inferior to those of l,lO-phenanthroline and other popularly used ferroin-type chromogens. 
Compound IE forms the most intensely coloured iron chelate of the group studied; however, its 
maximum molar absorptivity (Table I) is only slightly greater than that of the iron complex of 
l,lO-phenanthroline (E = 11100 at 510 mp), which is reasonable considering the close relationship 
between the two. 

Spectral characteristics of the various iron(I1) chelates are appreciably pH-dependent. In general, 
wavelengths of maximum absorbance increase with increasing pH over the pH range from approxi- 
mately 6 to 10. The bathochromic shifts probably arise as a consequence of the increasing extent of 
ionization of the weakly acidic imino hydrogen groups with increasing pH. In this connection, 
Harkins and Freiser6 found that metal-ion co-ordination enhances the acidity of 2-(2-pyridyl)- 
benzimidazole. Absorptivities also generally show enhancement with increasing pH. An interesting 
exception is noted in the case of the 2,2’-bipyridin-6yl derivatives (ID, IIE, DID, IVD, and VD) 
which undergo a decrease in absorbance as solutions of their iron(H) chelates are made strongly 
alkaline. 

All of the iron(U) complexes except that of IC can be extracted quantitatively into isoamyl 
alcohol. Solubilities are low in water but adequate in ethanol-water mixtures. 

Ligand-to-iron(I1) ratios for some representative complexes are given in Table II. These experi- 
mental values agree with the ratios expected from structural considerations. Thetris-chelatesaremuch 

TABLE II.--IDENTITIES AND RELATIVE STABILITIES OF RBPRESENTATIVB 
IRON(H) COMPLEXES AS DETERMINED BY CONTINUOUS VARIATIONS AND 

MOLE-RATIO METHODS 

Chromogen Ligand-to-metal ratio Relative stability* 

IA 3:l low 
ID 
IE ;;: 

high 

IL4 
high 

2:l 
IIIA 

high 
3:l low 

IVA 3:l low 
VA 2:l high 

* Estimated on basis of curvature in the mole-ratio plots. 

less stable than the bis-chelates as evidenced by considerable curvature in the moleratio plots. This 
indicates that the imidazole ring is less favourable for iron chelation than either a pyridyl or phen- 
anthroline moiety when incorporated into a ferroin-type grouping. Stability as well as colour- 
sensitivity suffers. Similar results were found by Walter and FreiserO for the iron(I1) chelates of 2-(2- 
pyridyl)-benzimidazole and 2-(2-pyridyl)-imidazoline. 

Only five of the new compounds give any appreciable colour with copper(I). The complexes are 
extractable into isoamyl alcohol. Other properties are listed in Table I. Spectral characteristics of 
the copper(I) complexes do not show the same pH-dependence as the iron complexes. The 
absorption bands of the copper(I) complexes are either relatively weak or they overlap bands of the 
uncomplexed compounds. None of the new compounds are considered promising as copper chromo- 
gens. 

Acknowledgement-This investigation was supported by a grant from the G. Frederick Smith 
Chemical Company. Samples of the compounds were furnished by Dr. Francis H. Case. K. R. 
Kluge received support as a National Science Foundation Undergraduate Research Participant, 
(Summer 1967). 

Department of Chemistry &FRFZ) A. kHILT 
Northern Illinois University KEITH R. KLUGE 
DeKalb, Illinois 60115, U.S.A. 

Summary-A spectrophotometric study has been made of the iron(R) 
and copper(I) chelates of 23 new compounds that contain the ferroin 
functional grouping. Although none of the compounds proved to be 
superior to chromogenic reagents currently in use, the results are of 
interest from the point of view of designing new chromogens for iron 
and copper. 
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Zusannnenfassung-23 neue Verbindungen, die die funktionelle Grup_ 
pierung des Ferroins enthalten, wurden als Eisen(II)- und Kupfer(I)- 
chelate spektrophotometrisch untersucht. Obwohl sich keine Verbin- 
dung den xur Zeit iiblichen farbbilden Reagent& iiberlegen erwies, 
sind die Ergebnisse im Hinblick auf die Suche nach neuen Farb- 
bildem fur Eisen und Kupfer von Interesse. 

R&um~On a effectue une etude spectrophotometrique des chelates 
du fer (II) et du cuivre (I) avec 23 nouveaux composes qui contiennent 
le groupement fonctionnel ferrolne. Bien qu’aucun de ces compost% 
ne se soit rev& superieur aux reactifs chromog&nes couramment en 
usage, les resultats sont interessants du point de vue de la conception 
de nouveaux chromogenes pour le fer et le cuivre. 
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Differential spectrophotometry of nickel as its pyridine_2,64icarboxylic 
acid complex 

(Received 22 December 1967. Accepted 1 March 1968) 

NICKEL(II) forms a 1:2 complex with pyridine-2,6-dicarboxylic acid (PDC), that appears to have 
suitable properties for the differential spectrophotometric determination of nickel. The complex is 
formed immediately the two compounds are mixed. The absorption spectrum of the compound, 
given in Fig. 1, appears to be very reproducible, independent of the excess of complexing agent or of 
changes in pH in the range 2.5-10.5. The colour is stable for months and the absorption spectrum is 
the same in chloride, fluoride, sulphate, acetate and citrate media. The molar absorptivity is about 33 
at 1025 rnp, the maximum in the absorption curve; this is much larger than the value for nickel 

FIG. l.-Absorption spectrum of the complex of Ni(I1) with pyridine-2,6-dicarboxylic 
acid. 
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perchlorate (about 1.5 at 720 rnp) which has been used for the precision spectrophotometry of nickel. 
The differential spectrophotometric determination of nickel can therefore be extended to more 
dilute solutions or to samples with lower nickel contents, by use of this complex. There are also fewer 
interfering elements than in the perchlorate method, mainly because the nickel complex absorbs in a 
different wavelength region from the PDC complexes of the interfering elements. 

EXPERIMENTAL 

All chemicals used were of analytical grade. PDC was used as a solution of its sodium salt. 
Nickel sulphate solutions were standardized by photometric titration with EDTA, Murexide being 
used as indicator. A weight burette was used, and the error in the nickel determination was <O.l % 
at the 95 % confidence limits. Portions of the nickel solution for the calibration curves were taken by 
weight. The only volumetric glassware used was the lOO-ml volumetric flasks (calibrated before use). 

A Zeiss PMQ II spectrophotometer was used, with the temperature kept constant at 20 f 2”; 
the slit-width was 0.20 mm; the sensitivity varied from set to set depending on the absorbance of the 
blank. The wavelength used was 1025 mp; the tungsten lamp and a lead sulphide detector cell were 
used. Cells were carefully cleaned and corrections were made for differences in path-length. The 
nickel complex was obtained at pH 5-6; this pH value is automatically reached when a solution of the 
sodium salt of PDC is added in excess to a slightly acid sample. The excess should refer to all ions 
forming PDC complexes. 

RESULTS AND DISCUSSION 
Three calibration curves were made, covering the absorbance ranges O-l, l-2 and 2-3, Ni-PDC 

solutions with absorbances 0, 1 and 2 respectively being used as blanks. All three appeared to be 
straight lines with the same slope, demonstrating that Beer’s law was obeyed over a large concentration 
range. A series of determinations of nickel was made by the transmittance ratio method,2 in the con- 
centration range O.O3M, corresponding to an absorbance of 1. All determinations were carried out 
by using a reference solution with a slightly lower nickel concentration, prepared by weighing an 
appropriate amount of the nickel sulphate standard solution into a 100 ml flask, adding PDC reagent 
in excess and filling the flask to the mark. The accuracy of the method was tested as well as the effect 
of the presence of other ions. The nickel content of the solutions was calculated by means of the 
equation 

c=k3+b 

where c is the nickel content of the unknown in mg/ml, and A the absorbance of the unknown 
solution, measured with a nickel-PDC solution containing 6 mg of nickel per ml as reference solution. 
The constant 0.573 ml/mg was determined by careful calibration. 

It appeared that no interference occurred when nitrate, nitrite, perchlorate, citrate, acetate, 
Cr(VI), Mn(I1) V(V), Zn, Mg, Al, alkaline earth and alkali metals were present up to a level of 
5 mg/ml. Cobalt and copper interfere because of the absorption of their PDC complexes at 1025 rnp 
but 1% of cobalt and 0.1% of copper (with respect to nickel present) can be tolerated. Determinations 
in the presence of Cr@I) are possible, but the accuracy is not as good as in its absence. This is caused 
by the necessity to heat the solution in order to establish the Cr(III)-PDC complex in reasonable 
time. Iron(II1) seriously interferes when present in an amount of 2 mg/ml. Up to 0.2 mg/ml can be 
tolerated but the precision is poorer than in the absence of iron. As the interference is probably due 
to the presence of small amounts of Fe(H), a drop of hydrogen peroxide improves the accuracy, but 
the peroxide may interfere when other metals are present. Some results for nickel in the presence of 
interfering elements are given in Table I. The method was used to determine the nickel content of 

TABLE I.-DETERMINATION OF NICKEL IN THE PRESENCE OF INTERFERING IONS 

Ni content, mglml 

taken found 
Other elements, mg/mZ Error, % 

1,782 1.798 0.2 Fe(II1) 
1.766 1.790 0.2 Fe(III) 
1.802 1.811 0.2 Fe(II1); 1 drop HzOz 
1.744 1.755 
1.785 1.784 

0.2 Fe(II1); 1 drop HzOa 
0.02 Co(I1) 

1.790 1.787 0.002 Cu(I1) 
1.760 1.755 2 Cr(II1) 
1.780 1.766 2 Cr (III) 
1.778 1.775 2 Cr(II1) 
1.783 1.774 1 Cr(ITI) 

+I 
+1.5 
+0.5 
+0.6 
-0.1 
-0.2 
-0.3 
-0.8 
-0.2 
-0.5 
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high purity nickel oxide and nickel wire. The results for the oxide were NiO, 100.7%; 100.8%; 
100.7 %; 1006%: for the nickel wire they were Ni, 99.7%; 99.6%; 994%. These and many 
other results gave a relative standard deviation of 0.1% for the method in this concentration region, 
which demonstrates that the method is very useful for the precision spectrophotometric determination 
of nickel. 

Acknowledgement-The authors wish to thank Mrs. I. G. Asscher-Wolanska, who carried out the 
larger part of the experimental work. 
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Summary-The determination of nickel with pyridine-2,6-dicarboxylic 
acid by means of differential spectrophotometry at 1025 rnp is described. 
At the Ni concentration level of 2 mg/ml the relative standard deviation 
is 0.1 ‘A. Only a few elements interfere. 

Zusammenfassung-Die Bestimmung von Nickel mit Pyridin-2,6- 
dicarbonsiiure durch Differenz-Spektrophotometrie bei 1025 mn wird 
beschrieben. Bei Nickelkonzentrationen urn 2 mg/ml ist die relative 
Standardabweichung 0,1x. Nur wenige Elemente stdren. 

R&rm&-On d&it le dosage du nickel par l’acide pyridine 2,6- 
dicarboxylique au moyen dune spectrophotometrie diff6rentielle a 
1025 m,u. Au niveau de concentration en Ni de 2 mg/ml l’&trt type 
relatif est de 0,l ‘A. Seuls quelques elements g&rent. 
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Homogeneous nucleation of bis(l,2-cyclohexanedionedioximato)palladi~(II) 

(Received 15 January 1968. Accepted 19 April 1968) 

THE droplet technique, first described by Vonnegut, 1 has been used with considerable success in 
the study of homogeneous nucleation of a large variety of substances. %-* This method involves the 
subdivision of the sample under study into a very large number of non-communicating droplets. The 
foreign particles capable of acting as nucleation catalysts in the original sample are presumably 
sequestered by incorporation into a small fraction of the droplets, which will undoubtedly exhibit 
heterogeneous nucleation. However, most of the droplets should remain catalyst free, so homog- 
eneous nucleation is expected to occur in them. 

In most droplet experiments the supersaturation required to induce nucleation has been attained 
by gradually lowering the temperature of the system. In 1966 Hileman,? and Thompson and Gordon,8 
while studying the nucleation of metal chelates, utilized the technique of precipitation from homo- 
geneous solution as the means of achieving supersaturation in the droplets. This paper describes 
recent studies on the nucleation of bis(l,2-cyclohexanedionedioximato)palladium(II) in which 
supersaturation was obtained by reaction between 1 ,Zcyclohexanedione and hydroxylamine in the 
presence of palladium ions. 

EXPERIMENTAL 

Solutions containing palladium(H), hydrochloric acid, hydroxylamine hydrochloride and 1,2- 
cyclohexanedione were prepared by mixing, in the order given, various amounts of their stock 
solutions. Immediately after the last reagent was added the solutions were dispersed in mineral oil. 
The dispersions, which consisted mostly of droplets of about 20 ,u in diameter, were then examined 
with a polarizing microscope and the crystallization occurring in the droplets was recorded photo- 
graphically. 

RESULTS AND DISCUSSION 

From the photographs the nucleation rate was obtained, and plotted as a function of time. The 
results of the experiments are demonstrated in Fig. 1. 
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high purity nickel oxide and nickel wire. The results for the oxide were NiO, 100.7%; 100.8%; 
100.7 %; 1006%: for the nickel wire they were Ni, 99.7%; 99.6%; 994%. These and many 
other results gave a relative standard deviation of 0.1% for the method in this concentration region, 
which demonstrates that the method is very useful for the precision spectrophotometric determination 
of nickel. 

Acknowledgement-The authors wish to thank Mrs. I. G. Asscher-Wolanska, who carried out the 
larger part of the experimental work. 
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Summary-The determination of nickel with pyridine-2,6-dicarboxylic 
acid by means of differential spectrophotometry at 1025 rnp is described. 
At the Ni concentration level of 2 mg/ml the relative standard deviation 
is 0.1 ‘A. Only a few elements interfere. 

Zusammenfassung-Die Bestimmung von Nickel mit Pyridin-2,6- 
dicarbonsiiure durch Differenz-Spektrophotometrie bei 1025 mn wird 
beschrieben. Bei Nickelkonzentrationen urn 2 mg/ml ist die relative 
Standardabweichung 0,1x. Nur wenige Elemente stdren. 

R&rm&-On d&it le dosage du nickel par l’acide pyridine 2,6- 
dicarboxylique au moyen dune spectrophotometrie diff6rentielle a 
1025 m,u. Au niveau de concentration en Ni de 2 mg/ml l’&trt type 
relatif est de 0,l ‘A. Seuls quelques elements g&rent. 

REFERENCES 

1. R. Bastian, Anal. Chem., 1951,23,580. 
2. G. Svehla, Talanta, 1966, 13, 641. 

Talanta, 1968, Vol. 15, pp. 1060 to 1062. Pergamon Press. Prmted in Northern Ireland 

Homogeneous nucleation of bis(l,2-cyclohexanedionedioximato)palladi~(II) 

(Received 15 January 1968. Accepted 19 April 1968) 

THE droplet technique, first described by Vonnegut, 1 has been used with considerable success in 
the study of homogeneous nucleation of a large variety of substances. %-* This method involves the 
subdivision of the sample under study into a very large number of non-communicating droplets. The 
foreign particles capable of acting as nucleation catalysts in the original sample are presumably 
sequestered by incorporation into a small fraction of the droplets, which will undoubtedly exhibit 
heterogeneous nucleation. However, most of the droplets should remain catalyst free, so homog- 
eneous nucleation is expected to occur in them. 

In most droplet experiments the supersaturation required to induce nucleation has been attained 
by gradually lowering the temperature of the system. In 1966 Hileman,? and Thompson and Gordon,8 
while studying the nucleation of metal chelates, utilized the technique of precipitation from homo- 
geneous solution as the means of achieving supersaturation in the droplets. This paper describes 
recent studies on the nucleation of bis(l,2-cyclohexanedionedioximato)palladium(II) in which 
supersaturation was obtained by reaction between 1 ,Zcyclohexanedione and hydroxylamine in the 
presence of palladium ions. 

EXPERIMENTAL 

Solutions containing palladium(H), hydrochloric acid, hydroxylamine hydrochloride and 1,2- 
cyclohexanedione were prepared by mixing, in the order given, various amounts of their stock 
solutions. Immediately after the last reagent was added the solutions were dispersed in mineral oil. 
The dispersions, which consisted mostly of droplets of about 20 ,u in diameter, were then examined 
with a polarizing microscope and the crystallization occurring in the droplets was recorded photo- 
graphically. 

RESULTS AND DISCUSSION 

From the photographs the nucleation rate was obtained, and plotted as a function of time. The 
results of the experiments are demonstrated in Fig. 1. 



Short communications 1061 

T 
o 

X 

v I 

E-~ rr~ 

E-~ 

v 
Z 

1.5 

1.0 

0.5 

0 

0 

T 
0 

~ ~.5 

~ ~ 1.O 

_g~ ,-4 

"< ~ 0.5 
r J  v 

Z 

o 

T o 

× 1.5 

7 
v 

~ 1.0 

o .~, 0.5 
[-4 ,--~ 
< 

M ~ 0 0 v 

z 0 

(a) 

,,lJl i , I, 
6 9 ]2 15 

REACTION TIME (rain) 

| 

18 21 

(b) 

,I , i  I 
6 9 ]2 15 
REACTION TIME (rain) 

(e)  

,,i,, I,,I, 
6 9 12 15 

REACTION TIME (min) 

I I .  

18 21 

I 

]8  21 

FIG. 1 . --Nucleation rate v s .  reaction time for the palladium chelate. 

Reaction conditions, 
[HCI], M [Pd(II)], M [NH,OI-I.HCI], M [C6H802], M 

(a) 1 "0 0"1 0"7 0-2 
(b) 1"0 0"1 0"7 0"1 
(c) 1"0 0"1 0"3 0"1 



1062 Short communications 

One point of very high nucleation rate was observed for each of the three sets of concentrations 
employed. The position of this point was reproducible and occurred 11.5, 140 and 155 min after 
mixing the reagents (see Fig. 1). Filtering the reagent solutions through membrane filters of various 
pore sizes before the preparation of the dispersion did not alter the results. 

Gravimetric analysis* showed that when the reagents were mixed in the proportions corresponding 
to the set of concentrations listed under Fig. la, the precipitate was produced at a constant rate of 
0.38 mg.ml-l.min-l. At this rate the concentration of monomers in the droplets should rise to about 
10-BM after 11.5 min of reaction. Spectrophotometric analysis showed that the palladium content 
of a saturated solution of the chelate in 1M hydrochloric acid was about 1O-5M. This implies that 
the supersaturation existing in the droplets at the point of maximum nucleation rate was lOa. 

According to the Volmerlo theory of homogeneous nucleation the rate of nucleation is expressed as 

log,, J = log,!) A - 
1 67raSv2 

3(2.303kT)3(loglo s)* 

where J is the nucleation rate, A is the kinetic constant, 0 is the interfacial free energy, v is the 
molecular volume of the solid solute, k is the Boltzmann constant, T is the absolute temperature at 
which the experiment was carried out, and S is the supersaturation ratio. J was found to be of the 
order of lo8 nuclei.cm-3.sec-1. Assuming A = lOa cm-s.sec-l, o was found to be 47 erg.cm-2 for the 
chelate. 

Several expressions have been derived which relate the supersaturation of a crystalline solid to the 
interfacial free energy and the particle size .I1 One such expression is the Gibbs-Thomson equation 
which was originally derived for vapours but has also been found applicable to small particles in 
solution. We shall use it in the form r * = 2ov/2.303kT log,, S, where r* is the size of the critical 
radius and the other symbols have the same meaning as before. The calculated value of r* for the 
palladium compound was about 11 A. 

Department of Chemistry 
J. A. VELAZQLJEZ 

McMaster University 
0. E. HILEMAN, JR. 

Hamilton 
Ontario 

Summary-Precipitation from homogeneous solution has been applied 
to the drop technique for the study of the homogeneous nucleation 
of bis(l,2-cyclohexanedionedioximato)palladium(II). It was found that 
under the experimental conditions employed the interfacial energy of 
the chelate was 47 ergs.cm-a and the critical radius size 11 A. 

Zusammenfassun8-Auf die Tropfenmethode zur Untersuchung der 
homogenen Keimbildung von Bis(l,2-cyclohexandiondioximato)- 
palladium(I1) wurde die Fallung aus homogener Losung angewandt. 
Unter den Versuchsbedingungen war die GrenztIachenenergie des 
Chelats 47 erg cm+ und der kritische Radius 11 A. 

R&m&-On a applique la precipitation en solution homogene a la 
technique a la goutte pour l’etude de I’amorcage homogene du bis(l,2- 
cyclohexanedionedioximato)palladium(II). On a trouve que, dans 
les conditions experimentales employees, l’energie interfaciale du 
chelate est de 47 ergs/cm-a et la dimension du rayon critique 11 A. 
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LETTER TO THE EDITOR 

St ruc tu re  of  me ta l  chelates of arsenazo III, phosphonazo III and sulphonazo I l I  

SIR, 

Arsenazo I l i ,  1 3,6-di(o-arsonophenylazo)-4,5-dihydroxy-2,7-naphthalenedisulphonic acid, phos- 
phonazo II1, 2 3,6-di(o-phosl~onophenylazo)-4,5-dihydroxy-2,7-naphthalenedisulphonic acid, and 
sulphonazo III, s 3,6-di(o-sulphophenylazo)-4,5-dihydroxy-2,7-naphthalenedisulphonic acid, form 
metal chelates with molar ratio between metal and ligand 1 : 1 or 1 : 2. Detailed investigation of these 
metal chelates by the method of proportional absorbances 4 has shown that only mononuclear complex 
species are formed. The total symmetry of the reagents and the equivalent participation of both 
arsono, phosphono or sulpho groups in complex formation has been found from preparative and 
photometric studies2 Recent polarographic investigation s has also shown the absence of the free 
arsono group in the uranium(VI)-arsenazo III  complexes. Unfortunately the structure proposed 
for these complexes in that paper s is not probable on stereochemical grounds. Other structures 1-a 
are based on assumption of the presence of a free arsono, phosphono or sulpho (attached to benzene 
ring) group in the metal complex, which is not correct. Study of the composition of the lanthanum- 
arsenazo III  complex in the pH range 1-3 gives the general formula LaH4L; similarly the composition 
of the barium-sulphonazo III  complex in the pH range 2-6 is BaH~L. 7 

Previous variation in results 1,5 for complex composition may have been caused by insufficient 
purity of the reagents used and by quenching of absorbance caused by molecular association at higher 
concentrations of reagent (10-3-10-4M) at pH 4-7. 

It may be assumed that arsenazo III, phosphonazo III  and sulphonazo III act as quadridentate 
ligands and that their complexes are usually octahedral or cubic, see Fig. 1. Octahedral structure I 

so~ 

SO- N 
"" 

s% . . . .  so~ x.A,O.OH, Po~ ,  so~ so~ 

I II 

FIG. 1 

corresponds to the composition metal:ligand 1:1 and co-ordination number 6 (or 4 for planar 
tetragonal complexes). Cubic structure II corresponds to the molar ratio 1:2 and co-ordination 
number 8. The square antiprism stereochemical configuration is less probable for 1:2 complexes 
since it seems to be connected with a distortion of the ligand planarity. Interatomic distances 
calculated from the geometry of structures I and II  are compared with typical known metal-oxygen 
atom distances 8 in Table I. Good agreement of the calculated and known values may be seen. 

1063 
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TABLE L-Comparison of calculated and known interatomic 
distances* 

Optimum of O-M distance, A 

Calculated Known8 

arsenazo III 1.82 Be-O 1.331 Gd-0 1.79 
phosphonazo III 2.05 Mg-0 1.749 Ho-O 1.78 
sulnhonazo III 2.15 Ca-0 1.822 LU-O 1.77 

Sr-0 1.921 
Ba-0 l-940 
Ra-0 1.98 
Y-O 1.790 
La-O 1.82 

Zr-0 1.728 
Hf-0 1.71 
Th-0 1.89 
u-o 1.92 

* The distances given for trans-azobenzene and $-naphthol have 
been used for the calculation of arsenazo III, phoshonazo III, and 
sulphonazo III stereochemical models. Distances As-O, P-O, 
S-O, and O-M have been taken from the corresponding usual 
oxides of these elements. 

Both structures I and II also give a good explanation for the extremely high stability and photometric 
sensitivity of metal chelates of these reagents.*vs 

Nuclear Research Institute 
pchoslovak Academy of Sciences 
Ref II Prahy, Czechoslovakia 
31 March 1968 

B. BUD%~NSK~* 
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ALBERT ARTHUR SMALES 

A. G. JONES 
President of the Society for Analytical chemistry 

I.C.I. Ltd., Plastics Division, Welwyn Garden City, England 

This issue of Talanta is published in honour of Dr. Albert Arthur Smaies and, in 
particular, celebrates his first 21 years at the Research Establishment of the United 
Kingdom Atomic Energy Authority at Harwell, where he holds the post of Head of 
the Analytical Sciences Division. 

In in~~ucing this issue it is not my purpose to present a minutely detailed 
biography of the man we are honouring but instead I want to recall some of the high- 
lights of his career so far, as seen by a personal friend of many years standing. 

Albert Smales began his career in analysis in 1932 as a junior assistant in the 
analytical laboratories of the (then) Billingham Division of ICI. Ltd. where he came 
under the stem eye of the late Mr. H. N. Wilson, an experience for which he has 
always been grateful Unlike the present time, oppo~u~ties for U~versity education 
were few and Smales took an external London University B.Sc. degree in chemistry in 
1941 by evening class study. This was to be followed by A.R.I.C. in 1944, F.R.I.C. in 
1951 and D.Sc. in 1965. In the early years of the war he worked on analysis of metals, 
catalysts, organic chemicals and on various aspects of uranium analysis as the Tube 
Alloys project got under way in the I.C.I. laboratories. I was working at Widnes 
Laboratory (General Chemicals Division) at that time and my first acquaintance with 
Smales’s work came with the receipt of a report on the analytical chemistry of ‘T-on 
the west coast we would refer to uranium as ‘X’ or ‘D’ and never really knew if this 
fooled anyone, especially when we talked of X80,! In mid-September 1944 I found 
myself in Oak Ridge, Tennessee; two or three weeks later Albert Smales appeared, to 
be followed shortly afterwards by (the late) Harold Evans from the Win~n~on 
laboratories and until our famihes arrived early in 1945 we lived together under the 
paternal eye of Dr. (now Sir John) Baxter. Our task at Oak Ridge was to advise on 
analytical research. Evans, with his iong experience at Winnington, found plenty to do 
in the Y-12 factory and Smales and I moved into a huge empty suite of laboratories 
up in the “Townsite” area. Soon afterwards, Dr. E. F. Orleman arrived to be Head 
of our Group: we were to enjoy a very happy collaboration with him. We acquired 
some two dozen staff: some were civilians who already had some experience of work 
in the area and some were recruited from the army. The main problems concerned 
the analysis, especially for uranium content, of the non-radioactive plant liquids and 
effluents arising from the work-up of U-235 being obtained by electromagnetic 
separation in the “race-tracks” at Y-12. We clearly needed rapid methods and turned 
to the use of inst~men~l methods, then only in their infancy. A Hilger Spekker was 
commandeered in England and flown out to us and we also acquired one of the new 
Beckman DU Spectrophotometers. Smales took to poiarography with enthusiasm 
and had the luxury of a 10” chart recorder! He acquired a grating spectrograph for 

106.5 
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emission work, with Cyrus Feldman to operate it. The general atmosphere was one 
of cheerful improvization and a willingness and determination to get on with the job 
(despite the fact that more than a few of those around had no clear idea of what the 
purpose of that job might be until 5th August 1945!). Smales tried to explain cricket 
to his staff and began to study baseball, in which he maintains a strong interest even 
now. 

With the capitulation of Japan we were free to return home and it is perhaps 
worth mentioning that soon afterwards we wrote together a report on American 
analytical instrumentation, not a world-shattering or widely-read document, but for 
both of us a precursor of the life to come. In 1946 there were moves to set up a British 
atomic energy organization, and in 1947, Smales became the Analytical Chemistry 
Group Leader at the infant Harwell. 

Harwell was established by the Ministry of Supply and part of the early work of 
Smales’s Group was to help with the organization and development of methods of 
analysis for the laboratories of the factories at Sprinfields, Windscale and Capenhurst 
which were to supply the basic materials for British atomic energy projects. The 
United Kingdom Atomic Energy Authority was formed in July 1954 to manage these 
projects, which meant that the atomic energy laboratories at Woolwich and Chatham 
became Smales’s responsibility; these laboratories continued their independent 
existence until late 1966 by which time all their staff and functions had been transferred 
to Harwell. 

The prime purpose of the analytical research work at Harwell was to service the 
new materials being produced for use in power generation. Fortunately, the measure- 
ment techniques of analysis are much the same whether one is working on some 
unmentionable analysis of plutonium or the composition of a meteorite so that we 
can, through the publications of Albert Smales and his staff, gain a fair insight into 
the achievements of the Group. Neutron-activation analysis, made into a highly 
sensitive trace element technique by the development of the atomic reactor, was being 
used in America in 1947. Smales was developing and making original contributions 
to the development of this technique very soon after reaching Harwell; we find his 
first review of it in the Chemical Society’s Annual Reports for 1949 and a stream of 
papers and regular reviews of the subject subsequently appeared. Thus many of 
the analysts in England and elsewhere who have subsequently used activation analysis 
in their laboratories owe much to pioneering work at Harwell. Of course, much of 
the Harwell work has been concerned with the determination of traces of almost every 
element in the periodic table in a wide variety of matrices and important advances 
have been made in this field with emphasis being placed on rapid and, where possible, 
non-destructive methods. Thus radioactivation was followed by gamma-ray spec- 
trometry, square-wave and pulse polarography, isotope dilution (especially in con- 
junction with mass spectrometry), work on emission spectroscopy (the determination 
of gases in metals being particularly noteworthy), and more recently, X-ray fluores- 
cence, electron spin and nuclear magnetic resonance, spark source mass spectrography, 
controlled potential coulometry and the application of computers to analysis. 

Smales has always been interested in geochemistry since he began work on uranium 
at Billingham, when together with the late Professor Arthur Holmes he published a 
number of papers on uranium, thorium and lead in rocks and minerals. In 1952 he 
published the first determination of uranium in geochemical materials by activation 



Albert Arthur Smales 1067 

analysis and since then, in collaboration with his staff at Harwell and visiting 
University people, he has determined many elements in materials such as granitic and 
basic rocks, sea-water, deep-sea sediments, minerals, iron and stony meteorites etc. 

The original work on meteorites was concerned with the problem of obtaining 
accurate trace element determinations in these materials, in order that reliable 
“cosmic abundance” figures for the elements could be made. This is a basic and essen- 
tial feature of modern geochemistry and cosmochemistry, and neutron-activation and 
isotope-dilution methods have played a vital role in this work. However, the study 
of meteorites, in their own right, has now developed into an important branch of 
cosmochemistry, and work at Harwell is now not only concerned with obtaining 
reliable data for trace element distribution in the many types of meteorites, but in 
using this information to aid our understanding of the origin and evolution of these 
objects. 

That this work is important and as such has obtained international recognition 
is shown by the fact that Smales is one of the chosen recipients for samples which the 
Americans hope to bring back to earth from the moon in the not too distant future. 

It should be mentioned that in recognition of his work at Harwell he was made an 
Officer of the Order of the British Empire in 1960. 

Albert Smales has been in the forefront of the discussion about the place and status 
of “analytical chemistry” in the world today. Such have been the developments in 
instrumentation and technique embracing disciplines other than chemistry that he 
has argued that we should now talk of the “analytical sciences” and to convince us 
of his sincerity in this, when his former Analytical Chemistry Branch became a 
Division in its own right, it was named the Analytical Sciences Division. 

His achievements at Harwell are fully documented in the open literature and in 
consequence available to all for study but what may be less evident is his generosity 
in giving time to extramural activities and this article would not be complete without 
some mention of these. 

As his authority in the world of atomic energy has increased, so has the demand for 
his services as a lecturer in many parts of the world. But he has also served analytical 
chemistry in his activities with the various chemical societies and other science-based 
organisations. He is closely associated with numerous University Departments of 
Geology and the Mineralogical Department of the British Museum of Natural History, 
and he is well known in the International Association of Geochemistry and Cosmo- 
chemistry, in which he is now playing a prominent part on the Committee dealing 
with the analysis of standard geochemical samples. He was a founder-Committee 
member of what is now the Thames Valley Section of the Royal Institute of Chemistry, 
and has taken considerable interest in the work of the Analytical Chemistry Division 
of I.U.P.A.C., but perhaps his largest contribution has been to the work of the Society 
for Analytical Chemistry. He began to take a practical interest in this Society’s work 
shortly after moving South. Inevitably his interest was first centred on the Physical 
Methods Group which had been formed only a few years previously. He was a mem- 
ber of the Group Committee for several years and became its Chairman for the years 
1953-5. He was an elected member of the Council of the Society in 1950-2, 1954-6 
and 1962-3, became a Vice-President in 1957-8 and 1964 and President in 1965-7, 
clearly being one of the youngest to achieve this honour. Thus he has served the 
Council continuously from 1950 to the present day and has given freely of his time to 
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the many Committees of Council. In all his Committee work he has always taken a 
positive role, has spoken his mind freely and has never suffered fools gladly. He came 
to the Presidency at a time when it was clear that changes in the Society’s life were 
imminent and his wide experience of the Society’s affairs was to prove invaluable. 
Two matters of major importance confronted him-accommodation and finance. 
Because of its expanding activities, the Society was outgrowing the office space 
available at Belgrave Square and after much hard work, arrangements were made 
for the Society to move to Savile Row as tenants of the Chemical Society. He initiated 
a study which led to the formulation of a salary structure for the permanent staff 
which will enable the Society to obtain the staff it requires to provide the improved 
services that members desire. He also initiated an 0 & M study by an independent 
consultant, of the activities of the Society’s offices, which has proved of immense 
value. The new commitments were going to cost money and he made the financing 
of them his special concern; he realized that the actions necessary could only be put 
into effect over a period of years and in his address on retiring from the Presidency 
he surveyed in detail the working costs of the Society and pointed the way to future 
action. While especially concerned with the financial aspects of the Society’s life, he 
did not neglect the analytical chemistry. He initiated detailed discussions of the 
activities of the existing committees, he laid plans for the continued expansion of the 
journals, and despite his many commitments, found time to attend many Section and 
Group meetings. He found particular pleasure in inaugurating the new North-East 
Section in May 1966, pleasure that was enhanced by his being able to present the first 
of the Society’s gold medals for distinction in analytical chemistry to his old Chief, 
Mr. H. N. Wilson who, unfortunately, was to live only a few months after this happy 
day. Thus there is no doubt that the Society owes a special debt of gratitude to Albert 
Smales for his dedicated hard work on its behalf over many years, work that is still 
continuing. 

He opened his Presidential Address to the Society for Analytical Chemistry on 
3 March 1967 with a quotation from Graham Greene’s novel “The Power and the 
Glory”- “Of course, before we know he is a saint, there will have to be miracles”- 
but in the course of his Address he felt unable to report any miracles. Anyone who in 
1946 walked on the Berkshire Downs just to the west of the village of Harwell would 
have found a disused airfield, runways, hangars and grass and perhaps the ghosts of 
neolithic men strayed from the Icknield Way. If you walk along the same path today 
you will meet not ghosts but a very strong security fence and inside this you will find 
that one of the larger and most modem buildings is filled with the most up-to-date 
equipment for analytical work with a staff of more than 100. Twenty-one years of 
patient, purposeful and at all times arduous work has resulted in the creation of a 
large analytical organization of which any man would rightly be proud. We may not 
be ready to call Albert Smales a saint and perhaps here too no miracle in the accepted 
sense has been performed, but in the “analytical” sense his achievement is certainly 
something to be wondered at and worthy of any honour this volume can bring! 

PUBLICATIONS BY A. A. SMALES 
1. Uranium in urine. (With H. N. Wilson.) Nature, 1946, 158, 590. 
2. Precipitation of aluminium and its separation from cobalt, chromium, nickel or 

zinc by means of ammonium benzoate. Analyst, 1947, 72, 14. 
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Summary-A critical account of Smaks’s contribution8 to the accumu- 
lation of data important in geochemistry. 

IT IS noteworthy that one of Smales’s first publications1 dealt with the analysis of a 
mineral, monazite, a complex phosphate. Smales determined uranium and lead 
(both polarographically) and thorium (gravimetrically) for the purpose of estimating 
the geological age of the mineral. This early work on monazite provides an indication 
of the meticulous care which went into the analysis, a feature which has characterized 
all of Smales’s subsequent work and which is so absolutely essential when analysing 
such complex substances as minerals, rocks and meteorites. 

The encounter with the monazite evidently stimulated Smales’s interest in the 
analysis of geological substances (minerals, rocks and ocean waters) as well as 
meteorites, and in the two decades following 1948, Smales and co-workers published 
some 32 papers connected with the analysis of these materials; in addition he editeda 
with L. R. Wager a book on analytical methods in geochemistry, which appeared in 
1960. 

The sheer number of publications is a clear indication of the contribution which 
Smales has made to the data of geochemistry and cosmochemistry. One particular 
aspect is, however, of unique importance; the excellence of the results. Such high 
quality analytical results are not only important in themselves, but they have in 
an indirect way helped to bring about an overall improvement in the quality of the 
data of geochemistry and the present paper will be concerned with Smales’s contri- 
bution in these respects. 

It will not be our purpose to survey and discuss all of the analytical work which 
Smales and his co-workers have carried out on geological materials and meteorites. 
Instead, three aspects will be chosen to illustrate the signal contribution which the 
Harwell analytical laboratory has made to geochemistry: 

(i) work on the reference (standard) rocks granite G-l and diabase W-l 
(ii) investigations on the distribution of several of the rarer elements in rocks 

and minerals from Skaergaard, East Greenland, and 
(iii) the production of high quality abundance data for meteorites. 

REFERENCE ROCKS G-l AND W-l 

The usefulness of the reference rocks granite G-l and diabase W-l lies, in the fist 
place, in the fact that they can serve as naturally occurring standards for optical, 
spectrochemical and X-ray fluorescent methods and thereby help to offset matrix 
effects, which for these methods of analysis can introduce serious error in the analytical 
determinations. In addition, these standard rocks together with others can serve for 
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calibration and cross-checking purposes. In order to obtain optimum benefit from 
G-l and W-l or any other rock standard, the concentration of each element should 
be known with as much accuracy as possible, and in an endeavour to establish a 
“best” value a whole host of analytical techniques has been used.- 

A little over a decade ago, this writer’ discussed the principal analytical data of 
geochemistry and wrote, “Abundance data of high quality on several rare elements 
remains, however, the most serious need in geochemistry, and particular emphasis 
should be given to the introduction of highly accurate instrumental procedures such 
as radioactivation and isotope dilution.” The great value of the reference rocks 
G-l and W-l for improving accuracy was emphasized in the same paper and the last 
sentence reads, “It is heartening to know that this object [accurate analysis of G-l 
and W-l] is in view in the Harwell programme [Smales and co-workers] on the pre- 
cision determination of rare elements in geological materials.” 

The concentrations of several elements in G-l and W-l have been estimated by 
Smales and co-workers, using for the most part neutron-activation methods. Among 
the elements estimated are Au, Co, Cs, Cu, In, Ni, Pd, Rb, SC, Sr, Ta, V and W. 
For some of these elements the neutron-activation values are the first and only 
data available and in this respect are quite invaluable. Generally speaking, the 
neutron-activation data, whether obtained by Smales and co-workers or others, 
are often regarded as particularly important when attempts are made to ascertain the 
most accurate concentration for an element in G-l and W-l. Nevertheless, in order to 
maintain proper perspective it should be recalled that other techniques may also 
provide reliable data; moreover, on occasion the neutron-activation data obtained 
by several workers may for one reason or another not agree satisfactorily. The 
results for gold and tantalum, and to a lesser extent gallium, are examples. Data 
on gold are given in Table I. 

TABLE I.-ESCIMQPD GOLD CONTENTS IN ORANITE G-l. 
ALL DE TEBMINATIONS BY NEUTRON ACIWATION 

Au,ppm Analysts 

04095 Vincent and Smale9 
04070 Crocket* 
04045 Vincent and Crocket10 
OtUM6 Shcherbakov and Perezhogin” 
00020 Baedecker and Ehman@ 

Two determinations agree quite closely, but the range of all determinations 
(0~00240095 ppm) is considerable. Neutron-activation values for tantalum range 
from O-9 to 3 ppm. 

However these discrepancies, which are purposely included to serve as a sobering 
reminder that some uncertainties may be found in any method of analysis, should 
not detract from the fact that analytical work carried out by Smales and co-workers 
on G-l and W-l, as well as on other geological materials yet to be discussed, is 
invariably of very high quality. 

The rare Group III element gallium is geochemically unique in one particular 
respect. Unlike that of most rare elements, the concentration of gallium varies very 
little in common aluminium-bearing rocks. The reason is that gallium is geochemically 
linked to the abundant element aluminium, the concentration of which itself varies 
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only slightly in such common rocks as granite and basalt. The close geochemical 
association of aluminium and gallium is due to chemical and crystal-chemical 
similarities. Whereas, however, existing chemical procedures are sufticiently accurate 
to detect the small but petrologically important variations in the aluminium content 
(average content, 15 ‘A A&OS), available techniques do not appear to be accurate 
enough to detect small variations in gallium content. The neutron-activation data 
(Table II) on diabase W-l illustrate this point in part. 

TABLE II.-NEUTRON ACXXVA-CION ESTIMATIO~G OF THE 
OALLILJM CONTENT OF DL4BASE w-1 

Ga, ppm 

21 
18.3 
16.5 
19.5 

Analysts 

Morris and ChamberP 
Vincent et 41.“’ 
Das and DesaP 
Brunfelt, Johansen and Steinne@ 

Although the agreement may be said to be reasonably good and there is little doubt 
that the results, together with numerous other determinations carried out by other 
methods, indicate strongly that the gallium concentration lies between 15 and 20 ppm, 
it is still not possible to establish a really precise value. In many igneous rocks, 
the gallium concentration varies between about 15 and 20 ppm. Such small variations 
in the gallium content or the ahuninium~gallium ratio, may be geochemically 
significant-for comparing and distinguishing different types of basalt for example- 
and it is highly desirable that the neutron-activation methods initiated mainly by 
Smales and co-workers, or any other methods, can be so improved that very small 
differences can be precisely established. 

ELEMENT DISTRIBUTION IN ROCKS OF THE 
SKAERGAARD INTRUSION 

One of the best known and most thoroughly investigated suites of associated rocks 
on this planet is that which occurs in the form of a layered intrusion at Skaergaard, 
East Greenland. Wager and Dearl’ published a detailed account of the petrology 
of these rocks and Wager and co-workers (Wager and Mitchell,ls for example) 
shortly thereafter studied the geochemical distribution of several rare elements in 
these rocks, using an optical spectrochemical method, more or less semi-quantitative 
in accuracy. 

Shortly after his appointment to the Chair of Geology and Mineralogy at Oxford 
in 1951, Wager initiated further work on rocks and minerals of the Skaergaard 
intrusion. The close proximity of Oxford to Harweh greatly facilitated a long and 
fruitful co-operation between Wager and Smales; E. A. Vincent, then demonstrator 
in the Department of Geology and Mineralogy, and recently successor to the Chair 
held by the late Professor Wager, spent some time in the Harwell laboratories in the 
middle Gfties learning the techniques of neutron-activation analysis. 

In the post-1955 period, several significant papers on the geochemical distribution 
of some rare elements in Skaergaard and other rocks appeared. Each element was 
estimated by a neutron-activation procedure either by Smales himself or by someone 
trained in his laboratory. The examples discussed below serve to illustrate the 
importance of this work. 
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Whereas a considerable amount is known about the economic geochemistry of 
the noble metals gold and palladium, very little information is available on their 
distribution in common rocks, including those from layered intrusions. The con- 
centration levels of palladium and gold in these rocks are No.1 and 0401401 ppm 
respectively. As a result of their observations on the gold distribution in Skaergaard 
rocks and minerals, Vincent and Smaless made. the interesting and geochemically 
significant suggestion that a high proportion of gold was not chemically bound but 
dispersed as the free metal. 

The comments above on the lack of knowledge of the general geochemistry of 
gold and palladium, applied to some extent a decade ago to the rare Group III 
element, indium. The concentration of this element in Skaergaard rocks and their 
separated minerals was investigated by Wager, van R. Smit and Irving,1B by a 
neutron-activation technique. Relative to its concentration in the original magma 
(0.058 ppm), a three-fold enrichment was found in the ferrogabbros. Results of 
their work on the distribution of indium in some separated minerals from a hortonolite 
ferrogabbro are listed in Table III. 

TABLE W.-ESTIMATED IN CONCENTRATION IN MINERALS 
FROM A SKAERQAARD HORTONOJXI-E FERROGABBRO 

Mineral In, ppm 

Plagioclase 04032 
Olivine 0.056 
Pyroxene 0.18 
Magnetite 0.16 
Ilmenite 0.29 

These results together with those for gold serve to illustrate the high sensitivity 
of neutron-activation analysis. The results in Table III also indicate quite clearly 
that indium tends to concentrate in pyroxene, magnetite and particularly ilmenite. 

Though much is known about the composition of sulphide ore deposits, much 
less information has been available on the composition of sulphides from igneous 
rocks. Wager, Vincent and Smales20 undertook such an investigation on sulphides 
from igneous rocks from Skaergaard. Many results for nickel, cobalt, copper, 
palladium and gold, all obtained by neutron-activation analysis, were included in 
this extensive and geochemically significant investigation. 

TRACE ELEMENT ABUNDANCE DATA ON METEORITES 

It is not easy to state categorically in which of the three geochemical applications 
discussed here Smales’s contribution has been the most significant. In the opinion 
of this writer, the work of Smales and his co-workers on trace element abundance 
data in meteorites is perhaps the most noteworthy; moreover, much of this work, 
including the most important, is very recent. Most analyses have been carried out by 
neutron-activation techniques. The elements which have been investigated include 
rubidium, caesium, gallium, germanium, indium, arsenic, antimony, gold, palladium 
and rhenium. We will concern ourselves here with the most recent work (FouchC and 
Smales21*2a). 

In their first paper, FouchC and Smales21 give data on the abundances and distri- 
bution of gallium, germanium and indium. They observed distinct fractionation of 
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each of these elements between common (hypersthene and bronxite) chondrites, 
enstatite chondrites and the various types of carbonaceous chondrites. They also 
investigated the distribution of gallium, germanium and indium between the three 
principal phases (metal, sulphide and silicate) and confirmed the siderophile tendency 
of germanium. One sign&ant and perhaps surprising conclusion is that germanium 
is quite strongly fractionated between the metal phases of the two subgroups 
(hypersthene and bronzite) of the common chondites. In a general way, the composi- 
tion of these chondrite types is very similar. Nevertheless, the average germanium 
content for the metal phase of the bronzite chondrites (64 ppm) was found to be 
only half that (125 ppm) of the metal phase in the hypersthene chondrites. 

In their second study, Fouche and SmaleP estimated gold, arsenic, palladium, 
rhenium and antimony in bronzite, hypersthene, enstatite and carbonaceous chondrites 
(all classes) and demonstrated conclusively that with the exception of antimony, the 
other elements were dominantly siderophile. They found that the concentration 
ranges of all these elements in the metal phase of chondrites were distinctly less than 
in the metal meteorites (irons), a significant conclusion. 

Various observations on the fractionation of gold, arsenic, palladium, rhenium and 
antimony were made, one of which will be discussed here. Thus, whereas the average 
gold content in the metal phase from the bronzite chondrites was 1.37 ppm, the 
average in the metal phase from the hypersthene chondrites was 2.32 ppm. The 
difference is fairly small but probably quite sign&ant and can only be detected if 
the analytical precision is high. The coefficient of variation for the neutron-activation 
techniques used by Fouche and Smales usually lies between 2 and 4%. Such re- 
producibility is highly significant for studies on the composition of meteorities, as 
much attention is currently being given to the problem of fractionation of the elements 
between different chondrite types. Fractionation may be extreme (thallium, lead and 
bismuth are examples), in which case techniques of moderate accuracy may be used. 
On the other hand, fractionation is often relatively small, as in the example of gold 
mentioned above, and better accuracy is required in order to detect it. Accuracy of 
of the highest order is, however, particularly required for examining the fractionation 
of lithophile element ratios (alkali metals, alkaline earths, silicon, etc.) in chondrites 
(Ahrens and von MichaEliP), an aspect of fractionation which is important both 
for classifying chondritic meteorites (Van Schmus and Wood=) as well as for dis- 
cussions on theories of their origin. It is desirable also to establish statistical relation- 
ships of lithophile element ratios between the different chondrite types and for this 
purpose accuracy of the highest order is required. For much of the fractionation 
work on meteorites a coefficient of variation of ~2% is required and it is gratifying 
that this precision is quite often approached and some times achieved. An enormous 
amount of work yet remains to be done in order to improve the accuracy of many 
analyses to this level. This is the challenge for the future and the work of Smales and 
his co-workers has been a great aid in progressing toward this goal. 

Zusammenfassung-Eine kritische Wiirdigung der Verdienste van 
Smales um die Sammlung fiir die Geochemie wichtiger Daten. 

RCumLUn compterendu critique des contributions de Smales A 
l’accumulation de dorm&s importantes en gt%chimie. 
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Summary-Neutron-activation analyses for uranium and thorium are 
reported for 42 chondrite meteorite “falls” and 1 “tind” covering 15 
of the 20 Van S&nuts-Wood chondrite types. The mean uranium 
and thorium abundances of the 5 chemical groups show a trend with 
C group (U = 0.012, atoms/KY Si atoms, Th = 0.045, atoms/lOe Si 
atoms, Th/U = 3.78) > H, L and LL groups (U = O*OOS~, Th = 
0.028,,, Th/U = 3.45) > E group (U = 0%I050, Th = 0.021s, Th/U = 
3.63. With the possible exception of the C3 chondrites, the mean 
abundances for each petrologic type within a given chemical group 
are identical. 

THE chondritic meteorites form by far the largest number of observed falls1 and 
generally exhibit a remarkable uniformity of composition, particularly with respect 
to the major components. 2.3 At the trace element level, however, it has been found 
that some elemental abundances show wide variations between the various chondritic 
classes,4*s and this has led to widespread interest in the determination of the rarer 
elements. Comparisons of chondritic atomic abundances (normalized to lo6 Si atoms) 
with those observed in the solar photosphere have shown a general similarity, 
particularly in the case of the carbonaceous chondrites.s Chondrite analyses have 
therefore played a large part in the construction of charts of “cosmic” (meaning solar 
system) abundances, 6*7 which in turn have had a fundamental role in the development 
of theories of nucleosynthesis.s-lo 

Uranium and thorium are of considerable interest in cosmochemistry because of 
their special place in the chart of the nuclides and in the periodic table. In nucleo- 
synthesis the wide gap between the heaviest stable nuclides and these two elements 
can only be bridged by neutron capture on a rapid scale, that is, the r process of 
Burbridge et al. s The measured abundances of uranium and thorium provide a 
rigorous test of the nuclear laws used in arriving at calculated solar system 
abundances.ll*l2 The instability of thorium-232, uranium-235 and uranium-238 to 
alpha-decay leads to changes in their relative abundances with time. These variations 
have been applied to a discussion of the time-scale of nucleosynthesis or “cosmo- 
chronology” by Fowler and Hoyle. 13 The significance of several new neutron- 
activation analyses of carbonaceous chondrites for uranium and thorium, in these 
largely theoretical studies of nucleosynthesis and nuclear cosmochronology, has been 
discussed in detail recently,14 and therefore these topics will not be dealt with again 
in the present work. 

The general similarities in geochemical behaviour of uranium and thorium in 
igneous rocks have been discussed widely and are largely due to the almost identical 

+ Present address: Low Level Radiochemistry Laboratory, A.A.E.C. Research Establishment, 
Private Mail Bag, Sutherland, N.S.W. 2232, Australia. 
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radii of the quadrivalent ions. On the other hand the considerable fractionation 
between the two elements in certain sedimentary environments can be attributed to 
the ease with which uranium is oxidized to the sexivalent state and the solubility of the 
uranyl ion in an aqueous environment under a wide range of conditions. 

The degree of oxidation in the chondritic meteorites varies from the carbonaceous 
chondrites [containing high iron(II1) and hydroxide ion contents together with 
carbonates and sulphates], to the enstatite chondrites, in which iron is completely 
reduced to metal containing a few per cent of elemental silicon in solution, and in 
which elements such as calcium, chromium and titanium occur largely as sulphides 
rather than oxides. A study of the variation of uranium and thorium chondritic 
abundances both absolutely and relative to each other would be of considerable 
importance to theories of the chemical evolution of the meteorites. The object of the 
present work was to provide a large number of analyses for these elements, covering 
all the chondrite classes for which representative samples could be obtained. 

Previous uranium and thorium determinations in chondrites 

Although several attempts were made in the early 1950’s to measure the uranium 
abundance of chondritic meteorites, it was not until the publication of the neutron- 
activation analyses by Hamaguchi, Reed and Turkevich15 and, independently, by 
Wlnke and co-workers,ls-l* that a consistent value of about 1O4% (10 ppM*) 
uranium emerged for the ordinary chondrites. In fairness to earlier investigators it 
should be mentioned that a similar value had previously been obtained by fluorimetric 
methods for the Akaba chondrite,lg and by stable-isotope dilution for the Modoc 
chondrite.20 More recently neutron-activation results have been reported for uranium 
in the rarer enstatite and carbonaceous chondrites.**zl-24 Although, for various 
reasons, the precision of these later measurements was not as good as for the ordinary 
chondrites, they established that there was no large scale fractionation as has been 
observed with certain other trace elements. Further analyses for uranium by a new 
technique of delayed neutron counting have been published.= The sensitivity of this 
method is not as great as that of conventionalneutron-activationtechniques; however, 
the results quoted for ordinary chondritic falls are consistent with the accepted values. 

There are very few reliable thorium determinations available for chondritic 
meteorites, and then only for ordinary chondrites .23*26 These were all measured by 
a neutron-activation technique based on protactinium-233. 

It should be noted that in no case were thorium and uranium determined in the 
same sample, though samples from the same fall have been analysed for both elements 
in a few instances. As has been pointed out by Greenland and Lovering, it is important, 
when studying the co-variance of trace elements in samples as macroscopically hetero- 
geneous as chondrites, that the analyses should be carried out on the same sample. In 
the present work therefore a neutron-activation method was developed in which both 
elements were determined simultaneously.27 

ANALYTICAL METHOD 

Sample preparation 
Where possible, samples were taken from the interior portion of the specimen, particular care 

being taken that they should be as far as practicable from the fusion crust whenever this was present. 

+ ppM = parts per milliard. 
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For large specimens the outer 
B particularly useful for the har 

arts were removed with a large screw-driven steel wedge, which was 
er stones. With practice it was possible to obtain rectangular pieces 

of 1-2 cm edge, with completely fresh surfaces, comprising more than half the weight of specimen 
used. Where the sample available was very small or irregular in shape the use of the wedge became 
prohibitively extravagant, and outer surfaces were carefully chipped away with a pair of steel side- 
cutters kept exclusively for this purpose. Frequently a combination of the two techniques was used. 

The fresh pieces thus obtained were crushed to powder. If the sample was particularly hard it 
was tirst broken down in a steel percussion mortar to small pieces about 3-4 mm across. 
were crushed to less than lo(Fmesh size in an agate mortar. 

Samples 
Specimens containing no metal fragments, 

or in which the metal particles were very small, were sieved through a lOO-mesh Spex nylon sieve. 
Otherwise the samples were crushed until the silicate phase appeared suitably reduced in size. No 
efforts were made to break down the metal fragments further. The samples were well mixed and 
quartered. Only in the case of the chondrite Farmington were metal fragments extracted before 
analysis. When this specimen was prepared, three or four large tabular pieces of metal were found 
which would have been very difBcult to sample properly. 
results of the analyses on the remainin 

These were removed and weighed, and the 
g powder were corrected accordingly. It was assumed that the 

uranium and thorium content of the metal removed from Farmington was negligible. The technique 
of crushing the metal-bearing samples under acetone at low temperature below the embrittlement 
point of the nickel-iron*8 was not used because of the increased possibility of wntamination. Portions 
of the prepared chondrite (usually O-1-0-2 g) were weighed into clean dry 4-mm diameter silica 
ampoules, which were sealed before irradiation. 

Preparation of stanakrdr 
Standards were prepared from analytical grade uranyl nitrate and thorium nitrate. The uranyl 

salt was standardized gravimetrically by the preparation of stoichiometric UtOs.*a Thorium nitrate 
was standardized by titration with EDTA, with Xylenol Orange as the indicator.~ Dilute standard 
solutions were made up by weight in dilute nitric acid ,to give a final concentration of uranium and 
thorium between about 20 and lOO@g of solution. Standards were prepared for irradiation by 
spiking Johnson-Matthey Specpure silicon dioxide with known weights of dilute standard solution. 
About 20 mg of silicon dioxide were weighed into a clean dry ampoule, a similar weight of solution 
was added and the ampoule was weighed again. The ampoule was centrifuged to ensure that all the 
solution was brought in contact with the silicon dioxide. The standards were dried overnight at 
80” and then for several hr at 110”. The ampoules were then sealed. 

Neutron irradiation 
Batches for irradiation usually consisted of six sample ampoules and two standards. Irradiations 

were carried out generally in the high-flux position of the “self-serve” facility of the HIFAB reactor 
at the Australian Atomic Energy Commission Besearch Establishment, Lucas Heights, N.S.W. 
The available thermal neutron flux was nominally 9 x 1O1’ n.cm-*.se@, and the duration of irradia- 
tion generally one week. The chara&ristics of the neutron spectrum, and the effect of this on possible 
interfering reactions have been discussed in detail previously.*7 The analyses were based on the 
reactions: 

aa8U(n y)rsrU , (a = 2.7 barns) 

i 
t rjl = 23.5 min 

-‘Np (tr,, = 2.36 day) 

*“%(n, y)“*Th ((I = 7.3 barns) 

1 
t I,# = 224 mm 

rsrPa (trlr = 27.0 day) 

The fission reaction for the determination of uranium was not used because of the greater sensitivity 
and specificity of neptunium-239. The use of a suitable lission product would otherwise have been 
more convenient in that carriers could have been used. Carrier-free chemistry was necessarily 
involved in the thorium determination. 

Radiochemicalprocedures 
The detailed radiochemical separations have been described previously*’ and will only be outlined 

here. 
After irradiation the samples were transferred to zirconium crucibles and known amounts of the 

long lived a-emitters protactinium-231 and neptunium-237 were added as tracers. The meteorites 
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were fused with sodium peroxide and after cooling the fusion cake was dissolved in water. The 
hydroxides, with which neptunium and protactinium were co-precipitated, were centrifuged down, 
and then fumed with hydrofluoric and perchloric acids. The residue was dissolved in SMhydrochloric 
acid-&S&f hy~oxyl~e hydrochloride and put on a small anion-exchange column in the chloride 
form. Nept~~ was eluted by 5-9M hy~~~oric acid and pro~ct~i~ by 3*8&f hydrochloric 
acid. 

Neptunium was further purified by co-precipitation with lanthanum fluoride, then by solvent 
extraction. The extraction procedure was based on the method described by Maeck et aLa in which 
neptunium(V1) is extracted into isobutyl methyl ketone (IBMK) from an acid-deficient aluminium 
nitrate solution containing tetrapropylammonium nitrate. It is then back-extracted into iron 
chloride solution and extracted into 2.thenoyltrifluoroacetone (‘ITA). In our procedure the acid- 
deficient extraction step was repeated before going on to the tinal ‘ITA extraction. 

Protactinium was extracted into di-isobutyl~~mol (DIBC) from a 6~hydro~o~c acid solution 
containing oxalic acid and tin(H) chloride, 8a then back-extracted into 1N sulphuric acid. The strip 
solution was made 6M in hydrochloric acid and protactinium extracted into IBMK. It was back- 
extracted from the ketone phase into 2M hydrochloric acid, from which it was finally extracted 
into TTA. 

Sources for both neptunium and protactinium were prepared on stainless steel discs by evaporation 
of the TI’A extract, peripheral heating being used. Activities of protactinium-233 and neptunium-239 
were measured by ~~-~~ting and recoveries determined by alpha~o~~g. 

Radioactivity measnrements were usually made with a Beckman WIDEBETA I automatic 
counter. This instrument is capable of measuring alpha- and beta-activities simultaneously, which 
had the advantage that a large number of alpha-counts could be accumulated while beta decay-curves 
were being followed. 

The alpha activity of the tracers made a measurable contribution to the beta-count rate for which 
a correction had to be made. In the case of protactinium-231 the apparent beta:alpha ratio remained 
constant over a period of several months, but with neptunium-237 the ratio increased owing to the 
growth of pro~ctinium-233 daughter. It was necessary, therefore, to construct an empirical nep- 
tunium-237 growth curve to correct the neptunium-239 beta-count rate, The time of the second 
acid-deficient IBMK extraction was taken as the zero point of the protactinium-233 growth. A small 
correction also had to be made to the protactinium-233 activity to allow for the activity of this 
nuclide introduced with the neptunium-237 tracer. 

Radiochemical purity of the sources was checked by following beta decay-curves for at least 
two half-live-s. Where possible, additional checks were made by examination of gamma-spectra 
and construction of beta-absorption curves. The alpha-energies of some sources were checked with 
a Frisch gridded ion chamber connected to a slow Wilkinson IO&channel pulseheight analyser. 

RESULTS AND DISCUSSION 

Altogether, 59 samples taken from 42 observed falls and one find (Bencubbin) 
were analysed. Details of the sources from which specimens were obtained are given 
in Appendix A. In all cases duplicate analyses were made on each sample, with the 
exception of Warrenton where the duplicate measurement was lost by misadventure. 
A critical evaluation of the results (Table I) led to the rejection of certain analyses. 
Generally it was possible to make objective decisions about the acceptance or rejection 
of results. For example, in the case of the ordinary chondrites, the repeat analyses on 
Farmington, Forest Vale, Homestead, Mount Browne and Zhovtnevyi provided strong 
evidence that the original samples were contaminated. It should be noted in passing, 
that for Mount Browne and Zhovtnevyi, only uranium conta~nation was sign~~nt, 
and the repeat thorium analyses are in very good agreement with the original values. 
No further sample of Mocs was available for analysis, but a single uranium value of 11 
ppM reported by Goles and Anders 21 indicates that our sample was probably con- 
taminated and our analyses for this sample were rejected, The case is rather more 
complicated when the results for Bjurbble are considered. The powder for this 
analysis was carefully prepared from a large specimen, and from this point of view 
should be considered a good sample. On the other hand this meteorite was recovered 
after falling through ice into a lake. Because of the very porous nature of Bjurbiile 
it is possible that water, and perhaps even some fine clay fractions, may have penetrated 
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TABLEI.--URANIUMAND~O~ABUNDANCESINCHONDRITES 
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Class Fall Uranium, q/g Thorium, nglg Th/U 

Cl 

Cl 

Cl 

Cl 

AlaiS 

Ivuna I 

Ivuna II 

Ivuna III 

Orgueil IA 

Orgueil IB 

Orgueil II 

Orgueii IV 

Tonk 

10-o f L- 
9.6 f 

o-3 ) 375 O-8 
0.3 ‘a8 39.8 + O-8 I 

11.4 f o-7 

13-8 f 0.8 I 126 

28.4 f O-5 

29.3 f 0.5 I ;:; ; g:;) 65 26.4 f O-6 
29.0 f O-6 ) 

8-2 f 0.3 29.2 f 1.2 

8.3 & O-3 I 8_3 30.2 f 1.2 I 
19-5 zt o-5 59.5 f l-5 28.8 f 0.4 ) 2_42 

70.0 f l-8 I 
;;:; 2 8:;) 240 76.8 64.8 f f 1.0 l-2 I ;;:f 2 z:;l 18.3 40.7 rt O-6 

40.5 f o-5 ) 
8.1 f 0.2 

0.2 ) 79 

33.2 f 0.7 

7.7 f 344 f 0.8 ) 
31-o * 0.7 
31.6 rt O-7 I 

38.7 4.0 

28.9 2.3 

27.7 3.7 

29.7 3.6 

64-l 2.7 

70.8 2.9 

40.6 2.2 

33.8 4.3 

31.3 2.9 

c2 Cold Bokkeveld 11.3 f 
10.6 f 

0.2 I O-1 ll,o 3-6 

c2 Mighei 16.1 f 
17.7 f 

l-5 1 16+9 
45.7 

2.7 45-5 
rt O-8 I f 0.8 45’6 2.7 

c2 Mokoia 14.4 f 13.5 f o-4 I o-4 14*o g:; 2 ::;1 60.5 4.3 

c2 Murray ;;:; 2 ;:j 
11.3 

45.2 45.6 xi= 0.5 I & O-7 45*4 4.0 

c2 Nawapali ;;I; 2 0”:;) 10.8 $1; ; ;I;) 38-4 3.6 

c2 Renazzo II ;;:f 2 ;I;) 11.8 g:; 2 ;:;) 40.8 3.5 

Renazzo III ;A:; 2 q 11.1 ;;:; ; ;:;I 420 3.8 

c2 Staroe Boriskino 
;;:; ; ;:;) ll*l ;;I; ; ;I;) 38.7 3-5 

c3 Bencubbin (tid) 17.6 f (Carbonaceous 20.4 & 1.9 I 2.2 19-O ;;:y ; :::) 759 4.0 

inclusion) 
c3 Iand 

;;I; 2 A:; 
I 

20.4 
104f2 
131 f2 I 118 5-8 

c3 Warrenton 18.3 f 1-l 79.3 f 24.3 4.3 

a Karoonda 12.5 f O-3 
14.8 f 0.4 I 13’7 ;;:; r f:;) 56.6 4-l 

E4 Abee 

Indorch 

8-8 f o-2 28.7 & O-6 
9.3 4 o-2 I g*o 31.7 f 0.6 ) 30’o 3.3 

;;:; 2 8:;) 10.8 28.5 28.9 f f 0.5 O-5 I 28*7 2-7 

ES St. Mark’s II 
77:; ; 8:;) 7.2 

29.4 f O-4 
30.2 f 0.4 J 29’8 4-l 

St. Mark’s III 8.3 & 30.2 & 
9.1 * 

0.2 ) 
0.2 31.8 f 

O-4 I 0.6 31’o 3.6 

E6 Hvittis 66:; ; 00:;) 
6.2 

29.2 zt 31.7 f 0.6 ) O-6 31*1 5.0 

E6 Khairpur II $8’ 4 ;:;) 
161 

44-4 f 37.6 & 0.7 ) O-6 41*o 2.5 

E6 Pillistfer 6.1 & 
5.8 & 

0.1 ) 
0.1 5*g 7-l 
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TABLE 1. (Co&.) 

Class Fall Uranium, rig/g Thorium, n&g -l-b/U 

H4 

H4 

H5 

Forest Vale II 

Ochansk 

Allegan 

Beardsley 

Pultusk 

Richardton 

H6 

H6(?) 

L3 

Mount Browne II 

Zhovtnevyi 

Khohar 

;;I; ; 8:;) 40.8 3.3 

$1; ; ;I;) 14.6 ;;:I; ; 8:;) 42-O 2.9 

;::; r ;I: 
12.3 

42.3 & 
44.7 f 

0.6 I 
43.5 

3.5 
O-4 

L5 

L5 

L6 

Farmington II 

Homestead II 

Rnyahinya 

Holbrook 

Perpeti 
St. Michel 

;;:; ; ;:;) 38.4 3.5 

;;:; ; X:i) 
11.5 

38.3 f 42.1 f 0.6 I 0.6 40’2 3.5 

;y:; ; 8:;) 19.0 g:; 2 00:;) 49.1 2.6 

;;:; ; ;:j 
13.7 

40.5 f 45.9 f 0.8 1 0.9 43*2 3.2 

9.6 f 0.3 ) 
loa 

39-7 & 
11.0 f 0.2 40.3 i 

0.6 ) 
0.6 40*o 3.9 

28 

LL3 Chainpur 

Ngawi 

LL6 Bandong I 13.1 2:; z 8:;) 49.6 3.8 

Benares ;;:a ; 8:;) 12.1 ii:; 2 ;:g 43.5 3.6 

“Bialystok” ;;:; = ;:; ) 
12.5 

47.9 & 0.6 
52*1 f O-7 ) 5o*o 4.0 

the stone.s3 The high uranium and thorium values found may therefore be due to 
terrestrial contamination, despite the care taken in preparation of the sample. It 
should be borne in mind, however, that Bjurbble is an unusual meteorite in many ways, 
and the possibility that the present uranium and thorium analyses may truly reflect 
the preterrestrial abundances cannot be completely rejected on the evidence at present 
available. 

The justification for the rejection of the enstatite chondrite samples Khairpur I 
and St. Mark’s I is clear cut. In both samples, very high abundances were found, 
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whereas repeat analyses were at a level comparable with or below the ordinary 
chondrite abundances. Another sample of St. Mark’s contaminated with uranium 
has been found by Goles and Anders. 21 A fission track study of St. Mark’P revealed 
localized areas of very high uranium concentration, indicating that either the meteorite 
was contaminated, or that minerals such as zircon or some phosphates were sporadic- 
ally distributed throughout the meteorite. 

Of the carbonaceous chondrites, only Renazzo I shows a really good cause for 
rejection. The repeat analyses on two further samples gave results clearly compatible 
with other C2 chondrites. The Orgueil samples presented a much more confused 
picture. The original sample analysed, IA, gave very much higher values than those 
obtained by Reed et al., 4 though it should be noted that for various reasons those 
authors considered that their uranium values were not as reliable as their earlier 
work.lS We prepared a second sample from further pieces of the Orgueil I specimen 
and obtained virtually identical results with consistent thorium/uranium ratios for 
each determination. It should be stressed that when a similar procedure was carried 
out with some of the suspect ordinary chondrites (for example Forest Vale, Homestead, 
Mount Browne and Zhovtnevyi) the second sample gave much lower results. It is 
probably fair to say that IA and IB are good values for that particular specimen of 
Orgueil. Orgueil II gave somewhat lower results, though the uranium values were 
close to the lower value of sample IA. Sample IV uranium was in good agreement 
with the value of Reed et aL4 In both samples II and IV the thorium/uranium ratios 
for each of the duplicate analyses were internally consistent. This was not the case 
however for sample III. Here, though the uranium values appeared in accord with 
those of other samples, one of the thorium values was much higher than even the 
highest value found in sample IA or IB. The ratios in III were widely discrepant. In 
the other Cl analyses, as will be discussed later, it was found that uranium and 
thorium were quite strongly correlated. It was therefore concluded that at least one 
of the Orgueil III samples was contaminated with thorium, and the sample was 
rejected. 

The results for the C3 chondrites were also regarded with a certain amount of 
suspicion, especially Lance. Not only were the results rather high, but the samples 
were not specially prepared for the present investigation. Reed8P analysed a sample 
of Lance and found 28 ppM uranium. Later Reed and AllerP reported 7 ppM for 
another sample. It would seem therefore that Lance is rather variable in at least 
uranium. Our values for uranium fell between the two published values and were 
therefore accepted. It is felt however that in a discussion of abundances our results 
for Bencubbin, Lance and Warrenton should be regarded with a certain reserve until 
further analyses are made on more carefully controlled samples. 

The results regarded as acceptable are summarized in Table I. The chondrites are 
grouped according to the “chemical-petrological” classification of Van Schmus and 
Wood.% Some of the results have been published previously.14*ss The rejected 
analyses are given in Appendix B for the sake of completeness. 

A comparison of the acceptable results from the present work and values reported 
in other studies can be made by reference to Table II. Rejected values are also 
included, in parentheses. 

It can be seen that in general the agreement is good, with our results being con- 
sistent with at least some of the previous results for each fall. It might be argued that 
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TABLE II.-COMFWUSON OF URANIUM AND THORIUM ANALYSES IN CHONDRITES 

Meteorite 

Abee 
Allegau 
Beardsley 
Farmington 
Holbrook 
Hvittis 
Indarch 
Ivuna 
Lance 
Mighei 
Mocs 
Murray 
Orguei 1 
Pultusk 
Richardton 
St. Mark’s 

Uranium, q/g 
Previous work This work 

ll’b’, 15’C’ 9 
12’8’ 11 
ll@’ :: 
18”” (92) 
11 14’s’ 16’b’ 
2’8; 

, 14 
6 

l@b', 9’0) 11 
8, 7’8’ 13,7, 8 
28'61, 7181 20 
IfjIb', 15(C), 8'8' 

1l’C’ ::4) 
20(C) 
g(b) 6’8’ 

12”; 12’el 
ii, 18,s (15) 

11 i3’@ 15’h’ 
9, ;120)‘;’ 

:: 
7, 9 (3170) 

Thorium, rig/g 
Previous work This work 

43”’ 36 

go”’ , 38’” 43 

38”’ 30 

(a) Reed and Allena (f) Ebert et al.” 
(b) Reed et n1.P (& Hamaguchi et uZ.~~ 
(c) Goles and AndersB1 (h) Amiel et da4 
(d) Reeda (i) Bate et ~1.~ 
(e) Kiinig and Wiiel* (j) Bate et dB6 

the criterion used for rejection depended in part on previous results, and therefore 
the comparison is not strictly valid. This is not the case, however, as the only sample 
rejected mainly by comparison with published results was MOCS, and this sample was 
suspect for other reasons (see Appendix B). It is probably fair to say, then, that the 
overall comparison of results shows no particular analytical bias when compared with 
other methods, and that the precision is generally much better. Other comparative 
studies of the accuracy of our method applied to terrestrial rocks27*37*38 have also 
proved it satisfactory. 

Fractionation in the Van Schmus- Wood chondrite group 

In order to compare realistically the abundances of uranium and thorium in 
different groups it is necessary to convert the results of the analyses into atomic 
abundances. By convention it is customary to normalize to lo6 atoms of silicon and 
this practice will be followed here. It should be noted that there is evidence to suggest 
that it may be preferable to normalize with respect to titanium,s but so far this inno- 
vation has not been generally adopted. Table III lists uranium and thorium atomic 
abundances calculated relative to lo6 atoms of silicon. Only the means of the duplicate 
analyses are reported in Table III but in the calculation of average abundances and 
standard deviations for each group all determinations have been used. To facilitate 
discussion of the variation or uranium and thorium in the light of the Van Schmus- 
Wood classification the results have been grouped accordingly and the averages 
summarized in Table IV. 

Fractionation between chemical groups 

The last column of Table IV lists the mean abundances of uranium and thorium in 
each chemical group. It can be seen that the abundances of both elements decrease 
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TABLE III.-ATOMIC ABUNDANCE OF URANIUM AND THORIUM IN CHOND~, 
RELAm TO SILICON 

Van Schmus-Wood 
Classification Fall 

Atoms/lOa Si atoms 
U Th 

Cl 

Cl 
c2 

E4 

E4 
ES 
E6 

E6 
H4 

H4 
H5 

iii: 

H6 
L3 
LS 

L5 
L6 

LL3 

LL6 

Al& 

Ivuna 
Orgueil 
Tonk 
Weighted Mean 
Cold Bokkeveld 
Mighei 
Mokoia 
Murray 
Nawapali 
Renazxo 
Staroe Boriskino 
Weighted Mean 
Bencubbin 
IAIlC6 

Meall 
Karoonda 
Abee 
Indarch 
MeXlll 
St. Mark’s 
Hvittis 

Khairpor 
Phillistfer 
Mean 
Forest Vale 
Ochansk 
Mean 
Allegan 
Beardsley 
Pultusk 
Richardton 
MeaIl 
Mount Browne 
Zhovtnevyi 
Mean 
Khohar 
Farmington 
Homestead 
Knyahinya 
Mean 
Holbrook 
Perpeti 
St. Michel 
Mean 
Chainpur 
Ngawi 
Meall 
Bandong 
Benares 
“Bialystok” 
Mean 

0012 0.048 
0.011 & 0.003 0.033 f o+lO2 
0.018 f OGO9 0.053 f 0.019 
0.012 0.036 
0.013 & 0006 0.043 f 0.013 
0.010 0.038 
0.015 0.043 
0.011 0.047 
0.010 ox)41 
0010 0.037 
0.00g6 & O+)OO, 0.031, f 00006 
0.010 0.036 
0011 f 0.002 0.038 f 0.004 
0.015 0.059 
0.016 0.092 
0.013 0.059 
0.015 f 0.002 0.072 f 0.020 
0.010 0.044 
0.006 0.020 
0.0071 0.019 
0*006~ f 0*0001 0.020 f O+Ol 
oG058 * 0.0006 0.0204 f 0.000, 
0.004 0.019 
0.010 0.025 
0~004 0.026 
0.006 & 0.003 0.023 f 0.004 
0.008 0.030 
0.008 0.030 
0.008 & 0.001 o-030 f O*OOl 
0.008 0029 
0.007 0.027 
0.009 0.030 
OX@8 0.022 
0.008 f 0.001 0.027 f 0.004 
0+x)9 0.030 
0.010 0.028 
0.009 * 0.001 0.029 & OGO2 
0.008 0.030 
0.007 0.026 
0.007 0.027 
0.012 0.031 
0.009 f 0.002 0.028 f 0.003 
0+09 0.028 
0.007 0.027 
0.010 0.029 
0.008 f 0.002 0.028 f OGO2 
0.009 0.028 
0.007 0.028 
0008 & 0.001 0.028 f O*OOl 
0.008 0.032 
0.007 0.028 
0.008 0031 
0.007, * o+oO, 0,030 f 0.002 
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TABLE Iv.-URANIuhi AND THORIUM ATOMIC ABUNDANCES IN CHONDRITES 
CLASSIPIED ACCORDING To VAN SCHMUS-WOOD SCHEME 

Chemical 
group 1 2 

Petrologic type 

3 4 5 6 

Chemical 
group means. 

atoms/W Si atoms 

E * * t U:OOO6, U:OOOS, U:OOO6 U:OOO% 
Tn:O*O20 Tl~O.020, Th:O.O23 Th:O-O21, 

Th/U = 3.69 

C U:o~O13 U:OOll u:o*o15 u:0010 * * U:OO& 
Th:O+43 Th:OO38 T&O.072 Th:O+t4 Th:OO45, 

Th/U = 3.78 
- 

H * 9 t U:OOO8 U:OOOS U:OOO9 U:OOO8, 
Tlr:OO30 Th:O*O27 Th:OO29 ‘WO.028, 

Th/u = 3.41 

L * + U:OOO8 t U:oOO9 U:O.O08 U:OOO8, 
Th:O.O30 Th:O*O28 Th:O*O28 Th:0.028, 

Th/u = 3.31 

LL * * U:OOO8 t t u:oOO77 u:oQO7, 
Th:O*O28 Th : 0.030 Th : 0.029, 

Th/u = 3.78 

* Unpopulated. 
t R~p~ntatiy~ of these groups not available for study. 

in the order C > H, L, LL > E, a trend that was indicated in a previous study.% 
Similar trends have been observed for other oxyphilic trace elements, notably 

4o yttrium.8u Ahrens has shown that a similar fractionation has taken place, with 
respect to silicon, for the major elements magnesium, aluminium and calcium. If the 
uranium and thorium atomic abundances found in the present study are multiplied by 
the Si/Al or Si[Ca ratios for each chondrite as listed by Ahrens, the fractionation 
trends virtually disappear. This is particularly true when the uranium abundances 
are normalized to aluminium. The major exception is the C3 chondrite Lance, which 
still appears enriched in thorium and to a lesser extent uranium, even when recalcu- 
lated on the basis of aluminium or calcium. There is little fractionation between 
uranium and thorium amongst the Van Schmus-Wood chemical groups. This is best 
shown by inspection of the values for the tho~~~uranium ratios which are very 
nearly constant. Attention should be drawn to the opposite conclusion reached by 
us in a preliminary report,ss when it seemed that the ratio varied inversely with 
uranium abundance. This earlier conclusion can now be seen to be in error. 

If the average uranium and thorium atomic abundances for each chemical group 
are plotted log~it~i~lly, as in Fig. 1, the five points define a regression line with a 
slope of 1.01, indicating a virtually constant thorium~~anium ratio: the value of the 
ratio at the intercept equivalent to a uranium abundance of O-01 atoms per lo6 silicon 
atoms is 3.60. This figure is in substantial agreement with the ratio of 34 derived for 
ordinary chondrites by Murthy and Patterson41 from their 208Pb/20Qpb-20sPb/20b 
isochron. 

Inspection of Table IV reveals that it is only within the C chemical group that the 
mean uranium and thorium abundances for each petrological group show any apparent 
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Log U atoms/106 Si 

FIG. 1 .-Logarithmic plot of thorium and uranium atomic abundances relative to lo6 Si 
atoms for the five Van Schmus-Wood chondrite chemical groups. 

variation. The ordinary chondrites show remarkable uniformity, not only within 
each chemical group but also between them. There are no systematic variations with 
petrological group such as were observed with indium abundances in the L group 
chondrites$a presumably a reflection of the different geochemical affinities of uranium 
and thorium and this element. It is signScant that the oxyphile element caesium, the 
abundance of which varies almost as much as that of indium within the ordinary 
chondrites,& shows no similar systematic variation with increasing metamorphism 
between petrological groups. 

Although there is remarkable uniformity between the mean abundances of 
uranium and thorium for the petrological groups within the H, L and LL chemical 
groups, individual chondrites show some variations. This is most noticeable in the L 
group, (see Fig. 2) where uranium and thorium abundances are strongly correlated 
(r = 0.79). The correlation is not significant in the H group (I = 0.25) or the LL 
group (r = 0.06). 

The E petrological groups exhibit uniform uranium and thorium abundances, and 
it is only within the E6 group that there is any large variation of abundance between 
the individual chondrites. There is no correlation of abundance with petrological 
group number, and the variations of uranium and thorium abundance. between the 
members of the E group analysed in this work are not signiGcantly correlated (r = 
0.09). In a previous publication l4 it has been shown that the uranium and thorium 
abundances of groups Cl and C2 are statistically indistinguishable at the 95% 
confidence level. A similar comparison of the Cl and C2 groups with C4 is not possible 
as only one duplicate analysis is available for that group, but it can be seen that the 
abundances are very close to those of the Cl and C2 groups. A test of significance of 
the difference between the means of the Cl and C3 group indicates that though the 
uranium abundances are identical at the 95 ‘A confidence limit, the thorium abundances 
are significantly different. A similar test of the means of the C2 and C3 groups shows 
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FIG. 2.-Thorium and uranium atomic abundances relative to 10’ Si atoms for the 
L group chondrites. 
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FIG. 3.-Thorium and uranium atomic abundances relative to lo” Si atoms for Cl and 
C2 group chondrites. 
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that for both uranium and thorium significant differences exist. Because of the uni- 
formity within the other chemical groups and the similarity of the Cl, C2 and C4 
groups the discrepancy in the case of the C3 group is rather surprising. It should be 
remembered that the control on the sampling of Bencubbin, Lance and Warrenton 
was not good. None of the samples were prepared specially for the present study, 
and there would have been strong grounds for rejection on the basis of the high 
abundances found, had it not been for the previously published high uranium 
measurement on Lanc&22 This value was even higher than those found in our work. 
On the other hand a later,23 though probably less reliable, uranium analysis of Lance 
gave a result which was only one quarter of the earlier published value. It is clear that 
more uranium and thorium analyses of the C3 group, under closely controlled con- 
ditions, are necessary to confirm or refute the results for this group obtained in the 
present study. For this reason the cosmochemical implication of the C3 abundances 
will not be discussed further. 

Within the Cl group, the variations of the uranium and thorium abundances are 
correlated. If each fall is given unit weight, the correlation coefficient (r) is 080. 
Within the C2 group, the two elements are also correlated, r being 0.71 for the weighted 
atomic abundances. A test of the slopes of the regression lines fitted to the Cl and C2 
group chondrites showed no significant difference in slope, therefore, the two groups 
were pooled. The correlation coefficient for the pooled values is O-80. The regression 
line fitted to the pooled Cl and C2 abundances is shown in Fig. 3. 

CONCLUSIONS 

If the analyses for uranium and thorium made in the present study are considered 
in the light of the Van Schmus-Wood chondrite classification, the following 
conclusions can be drawn. 

1. 

2. 

3. 

4. 

With the possible exception of the C3 group, the mean abundances for each 
petrologic type within a particular chemical group are very similar. 

The mean abundances of the three chemical groups which make up the ordinary 
chondrites (i.e., H, L and LL) are identical. 

The mean uranium and thorium abundances of the chemical groups decrease 
in the order C > (H, L, LL) > E. 

In view of the apparently anomalous abundances (especially for thorium) 
found in the C3 group, more analyses of carefully selected and prepared samples 
are required to establish firmly the abundances in this group. 

Acknowledgements-We thank the many donors of chondrite samples (see Appendii A) for their 
generosity. This work was supported in part by a grant from the Australian Institute of Nuclear 
Science and Engineering. 

Zusammenfassnng-Ftir 42 “Fglle” von Chondrit-Meteoriten und einen 
“Fund”, die 15 der 20 Chondrit-Typen nach van Schmus und Wood 
einschlieBen, werden Neutronenaktivierungsanalysen auf Uran und 
Thorium mitgeteilt. Der mittlere Uran- und Thoriumgehalt der 5 
chemischen Gruppen zeigt einen Gang: C-Gruppe (U = 0,012,, 
Atome/106 Si-Atome, Th = 0,045p Atome/lOe Si-Atome, ThjU = 3,7,) 
> H-, G und LL-Gruppe (U = 0,008~, Th = 0,0280, Th/U = 3,4J 
> E-Gruppe (U = 0,005t,, Th = 0,0218, Th/U = 3,63. Vielleicht mit 
Ausnahme der C3-Chondrite sind die mittleren Gehalte jedes petro- 
logischen Typs innerhalb einer chemischen Gruppe dieselben. 
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R&can&On rapporte les analyses 
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ar activation L neutrons pour 
l’uranium et 1s thorium pour 42 m t&&es type ohondrite “‘chute” 
et 1 “trouvec” couvrzmt 15 des 20 types de chondrite Van Schmus- 
wood. Lea abondances rn~~ en uranium et thorhun des 5 
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C (U = O$l& a~o~~~~Oa atomes Si, 3% = O,O& atome@ atomes 
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h’PENLHX A.--Souacas OF METEORITE SPECIMENS 

Class source Preparation 

Abee 

Alais 

Allegan 

Bandong 

Beardsley 

Benares 

Bencubbin+ 

“Bialystok’t 

Bjurbole 

Chainpur 

Cold Bokkeveld 

Farmington I 

Farmington II 

Forest Vale I 

Forest Vale II 

Holbrook 

Homestead I 

Homestead II 

Hvittis 

Indarch 

Ivuna I 

Ivuna II 

Ivuna III 

Karoonda 

Khairpur I 

Khairpur II 

Khohar 

Knyahinya 

Lance 

Mighei 

Mocs 

Mokoia 

Mount Browne I 

Mount Browne II 

Murray 

Nawapali 

Ngawi 

Ochansk 

Orgueil IA 

Orgueil IB 

Orgueil II 

Orgueil III 
Orgueil IV 
Perpeti 

E4 

Cl 

HS 

LL6 

H5 

LL6 

c3 

LL6 

I_4 

LL3 

c2 

L5 

L5 

H4 

H4 

L6 

L5 

L5 

E6 

E4 

Cl 

Cl 

Cl 

C4 

E6 

E6 

L3 

L5 

c3 

c2 

L6 

c2 

H6 

H6 

c2 

c2 

L3 

H4 

Cl 

Cl 

Cl 

Cl 
Cl 
L6 

A C 

B a 

C a 

D a 

D a 

D a 

E b 

D b 

C a 

D a 

D a 

C b 

D a 

D b 

D a 

C a 

C b 

C a 

D b 

A 

F 

G 

H 

G 

D 

D 

D 

D 

D 

C 

I 

C 

C 

J 

K 

D 

D 

D 

D 

L 

D 
A 
D 

C 

a 

a 

b 

b 

a 

a 

a 

b 

a 

b 

b 

b 

a 

a 

a 

a 

a 

b 

a 

C 

a 
a 
b 
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APPENDIX A. (Co&.) 

Pillistfer 
Pultusk 
Renazzo I 
Renaazo II 
Renaazo III 
Richardton 
St. Mark% I 
St. Mark’s II 
St. Mark’s III 
St. Michel 
Staroe Boriskino 
Tonk 
warrenton 
Zhovtnevyi I 
Zhovtnevyi II 

Class Source Preparation 

E6 D a 
H5 D a 
c2 G a 
c2 J a 
c2 M a 
HS D a 
E5 G b 
E5 J a 
ES N a 
L6 D a 
c2 0 a 
Cl K a 
c3 C b 
H6 C b 
H6 C a 

* The Bencubbin sample analysed was a small C3 inclusion from this unique mixed meteorite. 
$ Bialystok is generally considered to be a howardite; however, our sample bearing that name is 

undoubt~y an amphoterite and has been tentatively put in the LL6 group. 

A 
B 
C 

: 

: 
H 

: 
K 

k 
N 
0 

: 
C 

Source code 
Dr. L. P. Greenland, U.S. Geological Survey, Washington D.C. 
Prof. J. Grcel, Natural History Museum, Paris. 
Mr. R. 0. Chalmers, Australian Museum, Sydney, N.S.W. 
Kyancutta Museum, South Australia. 
Dr. R. D. L. Pride, West Australia Museum, Perth, W.A. 
The missioner, Mineral Resources Division, Tanzania. 
Dr. B. Mason, American Museum of Natural History, New York. 
South Australian Museum, Adelaide, S.A. 
Mr. J. G. Smart, Wanganui Public Museum, Wanganui, New Zealand. 
Dr. E. P. Henderson, U.S. Natural History Museum, Washington D.C. 
Dr. M. V. N. Murthy, Geological Survey of India, Calcutta. 
Prof. W. D. Ehmarm, University of Kentucky, Lexington. 
Prof. P. Galhtelli, U~ve~ity of Bologna, Italy. 
South African Museum, Cape Town, South Africa. 
Dr. E. L. Krinov, Committee on Meteorites, U.S.S.R. Academy of Sciences, Moscow. 

Preparation code 
Prepared by us especially for the present work. 
Prepared in this department, but not by us, nor specially for this work. 
Sample received as a powder and used without further treatment. 

APPENDIX B.-URANIUM AND THORrUM IN CHONDRrTES RErECrED As PROBABLY CONTAMINATED 

Sample Group 

Bjurbole L4 

Thorium, ,ug/g 
Reason for 
rejection 

I* 6 

Farmin~on I L5 80.2 f l-2 IO5 1.2,3, 5 
1292 f 18 

Forest Vale I H4 32.3 rir 0.8 1,395 
315 ?c 0.6 31*9 
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Sample Group 

Homestead I L5 

Rhairpur I 

Mount Browne I 

E6 

H6 

Mocs 

Orgueil III 

Renazzo I 

L6 

St. Mark’s I 

Zhovtnevyi 1 

Cl 

c2 

ES 

H6 

Uranium, &g 

66.4 f I.0 150 f 2 

Thorium, &g 

45.9 f 0.5 41.3 f 0.6 46.6 

Reason for 
rejection 

1,2, 395 

133 

2,496 

1,4,5 

1, 3, 5 

1, 3, 5 

Rejection code 

1. Higher than previously published values for the same fall or for similar meteorites. 
2. Internally inconsistent showing both wide differences between duplicates and variable Th/U ratios. 
3. Sample not a powder specially prepared for this work. 
4. Sample prepared from small sample making rigorous decontamination impossible. 
5. Repeat analyses on carefully prepared sample do not agree with rejected results. 
6. See discussion in text. 
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NEUTRON-ACTIVATION ANALYSIS FOR THE 
STUDY OF METALLOGENIC PROVINCES 

ERNST A. LIKEN*, GABRIEL G. SANTOS~ and RICHARD E. WAINERDI@ 

Activation Analysis Research Laboratory, Texas A & M University, 
College Station, Texas, U.S.A. 

(Received 2 February 1968. Accepted 23 February 1968) 

Summary-The application of instrumental neutron-activation analysis 
to the study of metallogenic provinces is outlined. Iron, scandium and 
lanthanum are measured in uncrushed, whole-rock specimens, and the 
results indicate trace element compositional trends over the 50-mile 
traverse studied. These trends extend through a number of different 
formations and rock types, and reflect structural features mapped by 
others using conventional techniques. 

METALLOGENY is concerned with the study of the deposition and distribution of 
minerals and ores during the evolution of the earth’s crust. The extremely diverse 
nature of the earth’s crust disqualifies attempts to draw valid inferences from a small 
number of isolated samples, and geologists who are interested in plotting the occurrence 
of various elements usually overcome this limitation by confining themselves to the 
choice and comparison of similar or identical rock types. 

It is customary to isolate the minerals in rocks under study, and to subject these 
minerals to various forms of chemical analysis. If the results obtained are disappoint- 
ing-as was the case with the analyses of the standard G-l and W-l samples, where 
over 100 reputable laboratories in 22 countries quoted different analytical resultsl- 
the analyst may either be utilizing a chemical method that is lacking in accuracy or 
precision, or the sampling technique may be statistically invalid. Elemental con- 
tamination may also have occurred during sample crushing and preparation, or 
other errors may have invalidated the results. 

Metallogenesis adopts the approach that attention has to be focused on whole 
regions, termed “metallogenic provinces and epochs”, rather than on individual 
sampling sites. Bilibina made a fundamental study of some regions of the ore deposits 
of the U.S.S.R. He classified the ore deposits on the basis of the stage of mobile belt 
development. Bilibin recognized that the concentration of groups of elements in the 
ore is basically determined by the presence of superimposed structures in the 
metallogenic regions of the belt. PetrascheckS defines a metallogenic province as “the 
entity of mineral deposits that formed during a tectonic-metallogenic epoch within a 
major tectonic unit, and which are characterized by related mineral composition, 
form of the deposits and intensity of mineralization.” 

* On assignment from the South African National Institute for Metallurgy, Johannesburg. 
t On assignment from the Philippine Atomic Energy Commission, Manila; NAS-IAEA Fellow. 
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Scope of metallogenic studies 

In recent years the concept of metallogenesis has enjoyed strong support from 
Russian geologists ,4 who are searching for new mineral sources. They appear to be 
convinced that metallogeny of large areas holds promise for identifying areas attrac- 
tive for further exploration of certain trends into smaller unmapped and inaccessible 
areas. 

A study of both the minor and trace elements is of interest, since their distribution 
depends largely on the presence of concentrating host minerals. Rodionov,6 in his 
studies of igneous rocks, noted that elements which are dispersed among the minerals 
of a rock have essentially normal distribution. Elements that tend to concentrate in 
one particular mineral tend to display a log normal distribution. A fundamental 
principle apparently being followed is that most trace elements are present in extremely 
low concentrations, and consequently display a rather different distribution in 
comparison to that of the major elements which form the minerals of the rocks.6 

It is to be expected that most metallic trace elements will remain generally within 
their original regional limits, in spite of superimposed geological processes occurring 
within the region. Geological changes will probably maximize or minimize the trace 
elemental concentration in specific locations. A study of the overall pattern or 
trends of trace and minor element metallogenic provinces should, therefore, be of 
interest for geochemical mapping purposes, and for purposes of economic geology. 

An example would be the comparison of ore metals from the Soviet Union with 
Brazilian granites. Bilibir? summarizes the distribution between different stages of 
mobile belt development of elements in ore deposits of the U.S.S.R. by the triangle 
shown in Fig. 1. Herz and Dutra’ on the other hand analysed spectrographically 39 
granite samples from the Brazilian shield, covering different age groups. The main 
abundances of the trace elements in whole-rock samples are grouped under the 
corresponding age groups in Fig. 1. The broad agreements with Bilibin’s findings are 
striking, except for lead, which could equally well have been grouped with molybde- 
num and beryllium. Similarly, scandium and gallium show insignificant differences 
for the various age groups, suggesting similar trace elemental relationships in both 
continents. 

Further support for the metallogenic approach, although in this case cotied to 
the analyses of minerals, comes from Burnham. s He showed that the trace element 
concentration of sulphides in the south-western United States and northern Mexico 
could be contoured. He determined silver, bismuth, cadmium, cobalt, gallium, 
manganese, molybdenum, nickel, tin, indium, thallium and antimony in chalcopy- 
rites and sphalerites obtained from ore deposits covering an area 2000 miles long. 
Bumham showed that variations of the trace element content were generally small 
compared to variations between regions. 

Rose9 carried Burnham’s investigation further and concluded that on a regional 
basis, both areas under consideration, i.e., Central district (New Mexico) and Bingham 
district (Utah), showed groupings defined by geographic location, trace element 
content, and geological structure. Also, on a regional scale, lateral and vertical 
zoning appeared to exist and some variations appeared to correlate with rock type. 

An interesting potential application of metallogenesis would be in the study of the 
continental-drift theory. lo Schuilingll chose the element tin, since it shows a strongly 
inhomogeneous distribution. A plot of all the known economic and uneconomic 
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occurrences of this element on Bullard’s combined continents,12 yielded “tin belts” 
across the Americas, Africa, and Europe, as shown in Fig. 2. These data not only 
render support for the continental-drift theory, but also provide useful information 
for prospectors and support Bilibin’s theory. Schuiling used over 500 references, but 
emphasized that these belts have no hard and fast boundaries. The tin belts may be 

Mmerals from Russ1 n 
ore deposits (8ilibin$ 

final 

A 

early 
Fe /‘- Au ’ lote and middle 

Cr,V Sri... 
Pt,TI Li , Be 

Whole-rock gronites from part of the Brazilion Shield (Herz aDutra7) 

Fe Mg Ca K Si No 

Ma Be 

FIG. l.-Distribution of trace and minor elements during various stages of mobile belt 
development. 

correlated to the rough outline of tin “endogenous” mineralization across the con- 
tinents. 

The study of metallogenic provinces by nuclear-activation analysis 

If the principles and evidence for metallogenic provinces are accepted, the desira- 
bility of an extensive study of multi-element compositional ratios as obtained by 
large scale nuclear-activation analysis methods suggests itself. Some of the potential 
advantages which may be gained may be summarized as follows. 
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(a) The automated neutron-activation analysis system at Texas A & M13*14 is 
sufficiently rapid for large numbers of rock samples to be analysed in a relatively 
short period of time. A large number of determinations is required to validate 
statistically the metallogenic mapping approach. 

ian belt 

workoble tm m 
deposits 

Fro. 2.-Tin belts across “Pangeae”, by R. D. Schuilingll 

(6) The technique of reactor-activation analysis results in a variety of elements 
becoming activated. Multi-elemental ratios may therefore also be derived to serve 
as characteristics to establish the similarity of groups of samples and their elemental 
trends. The latter approach may help to explain some anomalies encountered in 
rock dating, where usually two elements or isotopes of one element are compared. 

(c) The inevitable large volume of data can conveniently be stored, compared and 
retrieved by a computer. Yule’s “Hevesy” program16 locates the gamma-ray energy 
peaks, calculates the photo-peak area from smoothed data, and gives the elemental 
concentration relative to a reference standard, after correcting for the decay time. 

(d) The limits of detection of many elements are more favourable for reactor 
neutron-activation analysis than for other techniques.le Certain trace elements also 
have reasonably good cross-sections for 14-MeV neutron activation, but the work 
described below is limited to reactor activation products. 
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(e) If large numbers of samples have to be handled, their preparation and manipu- 
lation becomes a major problem, which will be signiscantly reduced if whole-rock 
specimens can be subjected to activation analyses with reasonable results, as described 
below. 

(f) The many variables appertaining to activation analysis, such as variety of 
nuclear reactions, different half-lives, cross-sections, thresholds and abundances afford 
the analyst the opportunity to choose the best conditions for a variety of determina- 
tions. Once the specimen has been activated, the resulting spectrum may be measured 
repeatedly to yield additional information on various constituents. 

(g) Nuclear-activation analysis is isotopically specific and total oxygen, for example, 
may be determined directly, irrespective of its elemental combination. Alternatively, 
different reactions permit determination of certain isotopes, such as oxygen-16 and 
oxygen-18, for example, in addition to total oxygen. 

The various methods of activation analysis should therefore prove to be useful for 
the study of metallogenic provinces, for geological mapping purposes, for prospecting, 
or for such studies as the continental-drift theory. 

EXPERIMENTAL 

In order to determine the feasibility of this approach it was decided to test an area which has been 
extensively studied by others. Samples were taken along a diametric traverse, which passes through 
and extends beyond the Enchanted Rock batholith near Llano, Texas. By analysing samples from 
20 sites extending over a distance of approximately 50 miles, it was hoped that regional trends would 
be indicated by certain trace elements. Their distribution, and concentration relative to the standard 
rock, irrespective of host rock types, could then be interpreted in relation to a metallogenic province. 

The area chosen is not associated with any economic mineral deposit, but sticient geologicaP7 
and analytica117-*0 data are available to indicate that a variety of rock types is easily accessible. 
Adjacent to the batholith, sedimentary and metamorphic rocks occur. The pluton itself is about 
10 miles across and the four concentric zones shown in Fig, 3, consist” of (a) the outer wne- 
medium to coarse leucogranite and granite; (6) the intermediate zone-medium to coarse granite and 
quartz monxonite; (c) the intermediate central zone-coarse quartz monzonite and alkalic grandi- 
orite; (d) the core-fine to medium leuco-quartz monzonite and leucogranite. 

Collection of samples 

Ten 30-lb fresh granite samples were taken from the surface of the batholith itself at positions 
l-10, as indicated in Fig. 3. Three chips weighing approximately 1 g each were broken off at opposite 
ends of each sample and placed in clean polvethvlene vials. 

Four sedime&ry samples were takeiat’random, south-west of the batholith along Farm Road 
2323, at distances indicated in Table I. A further 5 samples were taken north-east of the batholith 
along the same road towards Lake Buchanan. Details of the different rock types samples are given 
in Table I. 

Analysis of whole-rock specimens 

The whole-rock samples were weighed and without further preparation were irradiated for 2 hr 
in the Texas A & M Research Reactor at a thermal neutron flux of approximately 2 x lOI* n. cm-*. 
se&. Samples of the standard granite rock G-2 were also included to serve as reference standards. 

The samples were all counted about 14 days after the end of irradiation. A 19-cm* lithium-drifted 
germanium detector was used in conjunction with a Victoreen 32OO-channel analyser. In Figs. 4, 5 
and 6 some of the observed spectra are shown, measured over a counting period of 60 min analyser 
live-time. 

-- 

The photopeak areas at 0.889, 1396 and 1.10 MeV were calculated by an adapted version of 
Covell’s method” to yield quantitative values for scandium-46,lanthanum-140 and iron-brespectively. 
The natural activity as determined by counting the u&radiated samples was found to be too low to 
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FIG. 3.-Sampling sites along a diametric traverse of the Llano Enchanted Rock 
batholith, Texas (after Hutchinson”). 

contribute significantly. No gamma-ray emitters were found that interfered with the lanthanum-140 
1.600-MeV gamma-ray. 

A study of elemental standardP revealed that the scandium-46 gamma-ray at 0.889 MeV is of 
higher activity and also completely resolved from the Compton edge of its 1*119-MeV gamma-ray 
counterpart. It was found that for the range of concentrations encountered, the 0*869-MeV gamma- 
ray of lanthanum-140 contributed less than 1 ‘A to the 0.889-MeV gamma-ray of scandium-46. 

The values for iron-59, as determined from the l.lOO-MeV gamma-ray peak may be somewhat 
less accurate, since both the lanthanum-140 1*087-MeV and the europium-152 l-110-MeV gamma-rays 
interfere. The over-all interferences, however, are less than 2% of the measured activity of iron-59, 
for the concentrations encountered in the Llano Enchanted Rock batholith.“Js After correction 
for neutron-flux variations and normalization to a sample weight of 1 g and a decay time of 14 days, 
the values given in Table I were obtained. The concentrations are expressed relative to the values 
obtained by Gordon ef al.** for the standard granite rock sample G-2, (3.5 ppm SC = 21934 counts/ 
hr/g; 81-O ppm La = 4701 counts/hr/g; 1.72% Fe = 1778 counts/h@. 
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TABLEI.-ANALYTICAL RESULTS FOR UN~FWSHED LLANO SAMPLES 

1103 

Sample 
No. 

Scandium Lanthanum Iron 

Distance from centre PPm PPm % 

of pluton, miles Rock-type 

ooo 1osw 

00 6SW 

0 5% SW 

OA 5sw 

1 5sw 

2 4) SW 

3 44 SW 

4 2sw 

6 2sw 

5 0 

7 2NE 

8 3NE 

9 

10 

11 

12 

13 

14 

15 

38 NE 

5NE 

7NE 

8NE 

13 NE 

14NE 

37 NE 

Shale 

Limestone 

Meta sediment 

Meta sediment 

Leucogranite 

Leucogranite 

Granite 

Leucoquartz 

Monzonite 

Leucoquartz 

Monzonite 

Leucogranite 

Leucoquartz 

Monzonite 

Leucoquartz 

Monzonite 

Quartz Monzonite 

Leucogranite 

Leucogranite 

Leucogranite 

Granite 

Leucoquartz 

Monzonite 

Orthoclase-Biotite 

Homfeis 

3.4 f o-3* 11.9 f 0.3* 0.28 f 0.02* 

1.4 f 0.3 4.3 f 0.1 0.25 f 0.02 

l-6 f 0.3 10.9 * 0.3 0.63 It 0.02 

2.6 & O-3 18.7 Z!Z 0.5 0.82 & 0.03 

0.8 f 0.1 31.8 f 0.6 1.72 f 0.06 

l-2 * 0.2 36.5 f 0.7 1.45 f 0.06 

l-4 f 0.3 31.4 f 0.6 1.19 f 0.05 

2.4 f 0.3 23.8 f 0.5 1.76 f 0.06 

2.8 f 0.3 29.2 & 0.6 2.16 f 0.07 

3.3 + 0.3 27.2 f 0.6 2.00 f 0.07 

7.0 f 0.3 58.8 & 0.8 2.44 f 0.07 

0.7 f 0.1 23.0 f 0.5 2.14 Z!Z 0.07 

3.6 + 0.3 56.2 +c 0.8 2.49 f 0.07 

5.2 f 0.3 37,9 & 0.7 3.23 f 0.08 

3.7 + 0.3 23.0 i- 0.5 3.45 5 0.08 

4.6 f 0.3 33.4 f 0.6 3.09 f 0.08 

3.9 f 0.3 16.9 & 0.5 2.61 + 0.07 

5.2 f 0.3 20.6 & 0.5 2.87 & 0.07 

4.4 & 0.3 17.3 f 0.5 2.88 & 0.07 

3.0 f 0.3 20.4 f 0.5 2.54 f 0.07 

3.3 * 0.3 27.6 i 0.6 2.59 f 0.07 

3.3 f 0.3 26.1 rt 0.6 2.24 f 0.07 

4.1 f 0.3 46.4 f 0.7 2.88 + 0.07 

4.6 i 0.3 56.3 f O-9 3.12 f 0.08 

4.7 f 0.3 50.0 + 0.8 2.75 f 0.07 

4.0 f 0.3 31.1 f 0.6 2.37 * 0.07 

4.0 & 0.3 38.9 f 0.7 2.24 & 0.07 

4.0 rt 0.3 33.2 i 0.6 2.62 f 0.07 

3.2 f 0.3 51.7 & 0.8 2.67 f 0.07 

3.1 i 0.3 50.3 f 0.8 264 f 0.07 

3.8 f 0.3 51.0 & 0.8 2.94 + 0.07 

2.1 f 0.3 88.8 & 2.0 1.48 f 0.06 

2.3 f 0.3 100.3 f 2.5 2.08 f 0.07 

2.4 f 0.3 78.1 f 1.6 1.81 i 0.06 

2.3 f 0.3 39.6 f 0.7 3.10 f 0.08 

3.3 f 0.3 50.5 f 0.8 3.89 f 0.09 

1.2 f 0.2 45.1 * 0.7 2.21 & 0.07 

2.0 + 0.3 23.0 f 0.6 2.41 f 0.07 

8.1 f 0.4 25.3 f 0.6 3.56 & 0.08 

* Error quoted is standard deviation calculated as square root of mean count. 
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Shale Sample no. WO- lOmiles SW from center 

tim8?iton8 Sompk NATO- 6mitas SW from canter 

Met0 Sedimant Sompte no. 0- S 1/4 miles SW from CefIt8r 

Msta S8dim8nt Sompte no. OA- Smites SW from canter 

n 
f 

--‘---JL 
I 1 i 

0.2 LO L2 1.4 16 

Frc;, /I.-Comparison of spectra from different rock types SW of the Loam IImha&d 
Rack batholith. 

From Table I it can be concluded that the precision of the analytical results 
obtained from whole-rack specimens is not very good. In geological mapping the 
relative values are, however, more informative than the absolute concentrations and 
in Fig. 7 the elemental trends of a portion of a metallogenic province are indicated. 
Iron, scandium and lanthanum all follow a compositional trend beyond the pluton 
boundary irrespective of the host-rock type. The sedimentary rocks may therefore be 
considered to be probable erosional derivatives of the batholith. Hutchinson and 
Ragland et cd,19 also consider the inner core of the batholith to be a separate later 
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. 
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Granite Sample no. 3 
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I I I 1 I I I I 

Standard Granite ” G-2’ 
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gamma ray energy in MeV 

FIG. 5.-Comparison of spectra from G-2 and granitic rocks within the Llano 
Enchanted Rock batholith. 

intrusive, since the average composition of this relatively fine-grained zone falls off 
rather abruptly. 

Both scandium and iron appear to become progressively more concentrated 
towards the centre of the batholith. This trend may be classified as a variation within 
a specsc rock type. The granitic rocks involved are genetically related and the com- 
positional trends of scandium and iron appear to be due to the fractional dilferentia- 
tion of a common parent magma. The symmetry of the trends shown in Fig. 7 is in 
agreement with the generally accepted and mapped1s-20 nearly concentric zonal 
arrangement of the granitic rock types shown in Fig. 3. 
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Leucogranite Sample no. II 

104- Hfl6l+Lol40 

lO2- 
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I 

Granite Sample no. I3 

w . I I 

B Leucoquartz monronite Sample no. I4 
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r 

5 
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rJ 

Orthoclaso - biotite Hornfel Sample no. I5 

L I I I I 1 I I 
0 0.2 0.4 0.6 0.6 1.0 1.2 1.4 1.6 

gamma ray energy in MeV 

FIG. 6.-Comparison of spectra from different rock types NE of the Llano Enchanted 
Rock batholith. 

There is also evidence that the core is a later intrusive,17*lB since the undulation at 
the centre of the core suggests a dilution of scandium and iron due to the introduction 
of materials poor in these elements. The relatively high scandium content of the 
hornfels sample (No. 15 in Table I) probably reflects the tendency for biotites to 
concentrate scandium. 

Lanthanum on the other hand appears to be fairly uniformly distributed over 
most of the samples of granitic rocks of the batholith. Towards the north-eastern 
boundary, however, the lanthanum content rises appreciably, as shown in Fig. 7. 
Beyond the north-east outer zone lanthanum appears again to follow a more uniform 
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r4 IRON M 

FIG. 7.-Distribution of iron, scandium and lanthanum along the SW-NE diametric 
traverse of the Llano Enchanted Rock batholith, Texas (Section A-A’ of Fig. 3). 

pattern of distribution, as shown in Table I. A possible explanation could be that 
marked metamorphism occurred in the north-east outer zone of the batholith, 
although Billings et al. l* found no evidence for regional metasomatism. 

CONCLUSIONS 

Although this investigation was limited to the study of a very small part of a 
possible metallogenic province, the following deductions may be made. 

(i) Activation analysis is indeed capable of providing useful data which may help 
to substantiate the concept of “metallogenic provinces.” The advantages outlined 
above contribute to the desirability of using this technique for purposes of extensive 
geological mapping of both economic and uneconomic regions. 

(ii) All three elements considered displayed a certain amount of continuity 
irrespective of the host-rock type. Iron, scandium and lanthanum were chosen at 
random, but we have reason to believe that other trace and minor constituents also 
display similar trends or similarities. 

(iii) Both compositional trends and similarities should prove beneficial for large 
scale mineral exploration purposes of inaccessible and relatively unmapped regions. 
Putman and Burnham claim that a concentration mechanism such as a superimposed 
geological process or processes, operating in a magmatic body with a relatively high 
initial metal content, has a proportionally better chance of producing an ore deposit. 
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(iv> A decay time of 14 days had to be allowed for the bulk of the sodium activity 
to disappear. Iron, scandium and lanthanum could then be determined with sufficient 
accuracy, on whole-rock specimens, to indicate compositional trends as shown in 
Fig. 7. Experiments are, however, currently under way to compare the precision of 
the method with that obtainable from samples subjected to crushing and subsequent 
mixing. 

(u) After approximately 40 dayslo some of the longer-lived isotopes will be deter- 
minable. Useful elemental ratios may then be obtained that will give information on 
elemental mobility, behaviour and inter-relationships. 

(vi) It would be interesting to extend this investigation to other plutons of similar 
as well as different origins. Areas of known economic interest should also be studied 
and the crucial test of the method would be to see whether extrapolations of results 
do indeed predict regions of interest. 
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Zusanunenfassung-Die Anwendung der instrumentellen Neutronen- 
aktivierungsanalyse auf die Untersuchung metallftihrender Bezirke 
wird skizziert. Eisen, Scandium und Lanthan werden in nicht zerk- 
leinerten Proben aus unversehrtem Gestein gemessen; die Ergebnisse 
weisen auf systematische Variationen der Zusammensetzung in dem 50 
Meilen langen AufschluB hin. Diese systematischen Abhangigkeiten 
erstrecken sich iiber eine Anzahl verschiedener Gesteinsformationen 
und -typen und spiegeln strukturelle Eigenttimlichkeiten wider, die von 
anderen Autoren mit konventionellen Verfahren kartiert wurden. 

RBsum&On donne un apercu de l’application de l’analyse instru- 
mentale par activation de neutrons SL l’etude de terrains metallog&nes. 
On mesure le fer, le scandium et le lanthane dans des specimens de 
roches entieres, non broyes, et les rbultats montrent lea tendances 
de composition en element a l’etat de traces sur le parcours de 50 miles 
Btudie. Ces tendances se developpent 51 travers un certain nombre de 
formations et de types de roches differents et reflbtent les caracteres 
structuraux etablis par d’autres en utilisant des techniques ordinaires. 
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Surnma~--A fairly quick method for the separation of hafnium from 
irradiated rock samples is described and results of the hafniurn deter- 
minations are reported. The distribution of zirconium and hafnium 
and the variation of the Zr/Hf ratio in three talc-alkali anite masses 
are discussed. Reasons are suggested for the observed c!r ecrease in the 
Zr/Hf ratio during the crystallization of igneous rocks. 

SEVERAL authors have described the neutron-activation determination of hafitium in 
rocks and meteorites.14 The separation described by Merzl and by Merz and 
Schragel3 does not remove protactinium-233 [produced by the reaction %?Th(n, 7) 

esYThL233Pa] from zirconium and hafnium, a step necessary in the present work 
because the bulk of the activity measurements had to be made with a single-channel 
y-ray spectrometer. The procedure described is a fairly fast method of separating 
zirconium and hafnium from irradiated rock samples and, under the irradiation and 
cooling conditions used, it was unnecessary to separate zirconium from hafnium. 
The same results were obtained when either zirconium or hafnium was used as carrier, 
so the separation described seems to cause no fractionation of zirconium and hafnium. 

Reagents 
EXPERIMENTAL 

Stock hafnium standard. Dissolve 50 mg of hafnium dioxide in 25 ml of warm concentrated 
hydrofluoric acid, evaporate to about 5 ml and dilute to 1 1. with water. Store in a polythene bottle. 

Working hafnium standard. Dilute an aliquot of the stock solution to produce a solution con- 
taining 5-10 rg of Hf/g of solution. 

Barium nitrate. Saturated aqueous solution. 
Boric acid. Saturated aqueous solution. 
Sulphuric acid, 20 % (v/v). 
Diammonium hydrogen phosphate. A 10 % w/v aqueous solution and a 2 % w/v solution in 5 % 

v/v sulphuric acid. 
Ammonium nitrate, 5 % w/v aqueous solution. 
Zon-exchange columns. Dowex 1 x 8, NO-200 mesh, chloride form. Columns of resin 10 cm 

long and 1.5 cm in diameter prepared and washed with 1OM hydrochloric acid before use. Re- 
generated, after elution of zirconium and hafnium, by treating successively with 60 ml each of 5M, 
3M, O-5 and 001M hydrochloric acid and finally conditioned with 30 ml of 1OM hydrochloric acid. 

Irradiation details 

Portions (@l g) of the working hafnium standard solution and 0.1-g samples of rock powder, 
sealed in quartz tubes, were irradiated for 3 days at a flux of about 8 x 10” n.cm-a.sec-l in the 
core of the reactor at Garching, Munich; 34 standards and 8-12 samples were irradiated simul- 
taneously. The irradiated samples and standards were allowed to stand for a week before the 
separation described below. 

4 1111 
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Procedure 

Samples. 1. Fuse 25 mg of zirconium (or hafnium) dioxide carrier with 05 g of sodium peroxide 
in a nickel crucible. Allow to cool, add irradiated rock sample and 05 g each of sodium hydroxide 
pellets and sodium peroxide. Heat gently to decompose the sample and then raise to red-heat for a 
further 2-3 min. 

2. Place the cooled crucible in a beaker containing 30 ml of water and heat to decompose the 
cake. Wash the crucible and lid with a little water and heat the contents of the beaker for 5 min to 
complete the precipitation. Collect the precipitate by centrifuging, discard the liquid and wash once 
with hot water. 

“‘Hf 0 133, 
x- rays 

d 
I* B o”36 MeV 

0.726-0.768 MeV 
=‘Zr- =Nb 

1B’Hf ; : 
! i 0.615 Me”: 

: 

! 
\ 
; . 
! 
! , 

i 
10: 

! I 1 I I I . 
0 IO 20 30 40 50 60 70 80 90 

Channel number 

FIG. I.-The y-ray spectrum of irradiated ZrO,, containing 0.5% (w/w) HfO, 
(Zr/Hf > lOO), recorded 1 week after irradiation. 

3. Dissolve the precipitate in 20 ml of 1OM hydrochloric acid, centrifuge and decant the liquid on 
to the ion-exchange column. Allow the liquid to pass through the column at 2-3 ml/min and then 
wash the column with 1OM hydrochloric acrd until the effluent is no longer green (due to nickel from 
the crucible). Elute xirconium and hafnium with 60 ml of 7M hydrochloric acid, leaving protactinium- 
233 on the column. 

4. Make the eluate alkaline with concentrated ammonia solution and collect the precipitate by 
centrifuging. 

5. Dissolve the precipitate in 2-3 ml of concentrated hydrofluoric acid, add 2 ml of concentrated 
nitric acid, 10 ml of water and 10 ml of saturated barium nitrate solution. Mix, allow to stand for 
1 min and collect the precipitate of Ba(Zr, Hf)F, by centrifuging. 

6. Dissolve the precipitate in a mixture of 5 ml of water, 2 ml of saturated boric acid and 3 ml 
of concentrated hydrochloric acid. Dilute to 30 ml with water and add 0.5 ml of concentrated 
sulphuric acid. Centrifuge and titer to remove barium sulphate. 

7. Make the liquid alkaline with concentrated ammonia solution and collect the precipitate by 
centrifuging. 

8. Dissolve the precipitate in 40 ml of 20% v/v sulphuric acid, add 30 ml of water and 10 ml of 
10% w/v diammonium hydrogen phosphate solution. *Mix, heat for 2 hr at 60-80” and collect the 
nreciuitate bv centrifuaine. Wash the precipitate twice with 20 ml of cold 2”X w/v diammonium 
hydr&gen phhsphate in3 % v/v sulphuricacidand then wash with 5 % w/v ammonium nitrate solution 
until the washings are free from sulphate. 
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9. Wash the precipitate once with acetone, and transfer it, in the form of a slurry with a little 
acetone, to a previously ignited (1000°) and weighed porcelain tray. Dry in an oven at 110” and then 
ignite to constant weight in a furnace starting from cold and rising to 1000” over a period of l-2 hr. 
Weigh as ZrP,O, (or Hfp,O,) to determine the chemical yield. 

Standards. 1. Weigh 25 mg of carrier into a teflon dish and dissolve it in 10 ml of hot concen- 
trated hydrofluoric acid. Evaporate to about 5 ml and, using a polythene pipette, add the irradiated 
standard solution to the carrier. Wash the inside of the quartz capsule tirst with carrier solution and 
then with a few ml of 10 % w/o hydrofluoric acid. 
removed from the capsule. 

Continue washing until all the hafnium activity is 

2. Add 2 ml of concentrated nitric acid, 10 ml of water and 10 ml of saturated barium nitrate 
solution, as in stage 5 above. Then proceed with the remainder of stage 5 and stages 6-9. 

The chemical yield for samples and standards was usually in the region of 70 %. 

Activity measurements 

The hafnium activity was measured by counting the 
detector and a single-channel y-ray spectrometer. 

i*rHf 482-keV y-ray with a 2 x 2 in. NaI(Tl) 
Count-rates were about UXW)cpmforthestandards, 

200-2000 cpm for the samples and 20-25 cpm for background. Sufficient counts were accumulated 
to give relative standard deviations in the net count of less than 1% for the standards and less than 
2% for the samples. The radiochemicai purity of a number of samples was checked by means of a 
multi-channel y-ray spectrometer and the only isotopes found were r9If, lslHf and small amounts of 
%r and 05Nb. The contribution of g%r-~sNb to the activity at 482 keV was investigated by irradiating 
zirconium oxide, carrying out the separation, and comparing the esZr-BbNb 726-768 keV photopeaks 
with their activity in the region of 482 keV. The latter was found to be about 10% of the photopeak 
activity. A sample obtained by irradiation and chemical separation of zirconium oxide containing 
0.5 % w/w of hafnium oxide gave a t81Hf 482 keV photopeak 10 times as intense as the 06Zr-05Nb 
726-768 keV photopeaks (Fig. 1). This work indicated that, under the irradiation and cooling con- 
ditions used, *6Zr-saNb activity contributes less than 1% to the intensity of the lBHfphotopeak, even 
when the Zr/Hf ratio is as high as 100. No correction was made in the present work for this small 
contribution but a correction, based on the n6Zr-g~Nb intensity at 726-768 keV, could easily be made 
if required. 

RESULTS 

Full details of the results for hafnium are given in Table I. Agreement between 
duplicatedeterminationsis generally quite good, the coefficient of variation showing an 
average of about 5 % for the bulk of the determinations and rising to about 7 % overall. 
This highervalueismainly due to poor duplication in samples 597(6*6,4*3 ppm Hf) and 
61 1(3*9,6*0 ppm). The error in counting is &-2 %, and the error due to inhomogeneity 
of the neutron flux is estimated to be about f3 %. The remaining error arises in the 
chemical separation, e.g., from radiochemical impurities and the yield determination. 

The average value of 5.3 ppm hafnium found by us for standard rock G-l is in good 
agreement with the neutron-activation value of 5-O ppm reported by Setser and Ehmans 
and the mass-spectrographic results of 5 and 5.2 ppm reported by Brown and 
Wolstenholme6 and Taylo$ respectively. Morris and Slater’ record an average of 
7.6 ppm hafnium in G-l by neutron-activation analysis. 

The values for zirconium reported in Table I are the averages of replicate analyses 
made by a previously described X-ray fluorescence spectrographic method.s*e Results 
for the Malsburg granite have been published elsewherelO and those for the Schluchsee 
and BHrhalde granites are from unpublished theses.llJ2 

GEOCHEMICAL DISCUSSION 

The almost identical chemical properties of zirconium and hafnium are reflected in 
the very close geochemical coherence between the two elements. Hafnium, l/10-1/100 
as abundant in geological materials as zirconium, does not form minerals of its own 
but occurs in zirconium-bearing minerals. In talc-alkali rocks most of the zirconium 
and hafnium occur in zircon and, as a result, the Zr/Hf ratios of the whole rocks and 
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the separated zircons are usually the same. Previous workersrs-l7 have found that the 
Zr/Hf ratio in both rocks and zircons decreases with progressive evolution from basic 
to acidic plutonic rocks, i.e., the ratio decreases with decreasing age of the rocks in a 
genetically related sequence. 

Kosterin et aZ.ls give average values for the Zr/Hf ratios in zircon from rocks in 
Northern Kirgizia of 71 for gabbros, 45 for hornblende-biotite granites and 29 for 
hydrothermal veins. Vainshtein et a1.14 found ratios down to 3.2 (representing 
13.8 % W/W HfO& in zircons from a pegmatite. Kosterin et aL1’ observed that quickly 
cooled (volcanic and hypabyssal) rocks show rather irregular variation in their Zr/Hf 
ratios but that, in agreement with earlier work, slowly cooled magmatic rocks show a 
decrease in Zr/Hf ratio from basic to acidic types. Delaloye and Chessexl* reached 
similar conclusions, reporting average values of Zr/Hf for zircons from tonalite-mon- 
zonites, granodiorites, talc-alkali granites and alkali granites of 425, 39.3, 37.3 and 
32-9 respectively. 

In the present work we have investigated samples from three different granite 
masses of the Southern Black Forest, Germany. The Malsburg granite (GM), of 
Lower Carboniferous age, is a biotite granite with hornblende present in some parts. 
The Schluchsee granite (G&h) is Upper Carboniferous in age and is a biotite granite, 
free from hornblende but sometimes bearing muscovite. The Upper Carboniferous 
Bfrhalde granite (GBH) is a typical two-mica granite, more acid than the other two. 
GSch and GBH are adjacent to each other and GM lies 30 km to the SW, being 
separated from the two other bodies by older crystalline rocks. 

Previous geochemical investigations10-12*1g of samples from 70-100 localities 
within each body showed that in the succession GM-GSch-GBH the mean zirconium 
and titanium contents decrease while the mean rubidium contents increase. The same 
workers also observed that each individual pluton shows the effects of differentiation, 
there being strong variations in the concentrations of a number of elements and the 
amounts of accessory and essential minerals during progressive crystallization from the 
margin to the core. Thirty-one of the samples used in the previous work have been 
selected for the present study. 

The results (Table I) show a decrease in the Zr/Hf ratio from 35 to 10 as zirconium 
and hafmum decrease from 280 and 9 ppm to 30 and 3 ppm respectively (ignoring the 
high hafnium values of 16.5 and 15-l ppm for sample numbers 484 and 466). There is 
a direct relationship between the Zr/Hf ratio and zirconium contents of the rocks. In 
these talc-alkali granites the minerals zircon and biotite are more abundant in the 
earlier crystallized rocks, whereas potash feldspar is more abundant in the later rocks. 
These observations account for the decreasing zirconium and titanium and increasing 
rubidium contents as crystallization progresses, explaining why these elements are 
good indicators of the differentiation processes taking place. Figure 2 shows the 
relationship between the Zr/Hf ratio and the index elements titanium and rubidium 
and indicates that the Zr/Hf ratio tends to decrease steadily with progressive differen- 
tiation, both within the individual plutons and in the sequence GM-GSch-GBH. The 
general levels of zirconium, hafnium and the Zr/Hf ratio are lowest in the most acidic 
(GBII) of the three masses, Thus the Zr/Hf ratios can be correlated with the previously 
known geochemical and petrographic data for the three granites. 

Various authors have tried to explain why the Zr/Hf ratio decreases during 
differentiation. Ahrensm has pointed out that the properties of simple zirconium and 
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TABLE I.--RESULTS FOR ZIRCONIUM ANJJ HAFNIUhl 

Pluton 
Sample 

no. 
Zr, + ppm 
average Hf, ppmt 

Hf, ppm 
average Zr/Hf, w/w 

197 
21 
69 

1E 

14: 
54 
66 

Schluchsee 
2017 

473 
507 

B&halde 

497 
484 
515 
486 
598 
608 
457 
466 
597 
620 
611 
621 
581 
479 

2081215 
577 
616 

U.S.G.S. 
Standard G-l 

284 
281 
210 
207 
206 
184 
183 
175 
166 
155 
231 
220 
207 
195 
178 
159 
130 
120 
116 
101 

97 

1;: 
100 
69 
60 

z 
38 

3’3 

8.3 
9.9, 8.4 
6.7, 7.5 
5.4, 7-o 
8.3, 8.2 
7.2; 8.0, 7.3 
5*1,4*3 
6.9, 6.4 
6.5, 6.4 
5.6, 7.0 
8.1 
6.9 
9.6 
8.0 
9.1, 8.1 
17.6; 15.4, 162 
58, 5.2 
63 
4.8, 5.6 
6.0, 54 
6.5, 5.3 
15.1 
6.6, 4.3 
5.8, 57 
3.9, 6.0 
4.5 

8.3 
9.1 
7.1 

34.3 
30.9 
28.6 

62 33.4 
8.2 25.2 
7.5 24.6 
47 39.6 
6.6 26.6 
64 25.9 
6*3 24.6 
8-l 28.5 
69 
9.6 
8.0 
8.6 

164 
5.5 
6.3 
5.2 
5.7 

31.9 
21.6 
24.4 
20.7 

9.7 
23.6 
19.1 
22.3 
17.7 

5.9 16.4 
15.1 5.4 

5.4 
5.8 
5-o 
45 
3.5 

::; 
3.4 
41 

21.1 
17.2 
13.8 

3.4, 3.6 
6.2. 5.0 

13.3 

4-o; 4.5 
2.9, 3.8 
3.9,43 

14.8 
7.3 
9.0 
8.7 
8.0 

210 5.2, 5.4 5.3 39.7 

* Determined by X-ray fluorescence spectrography. 
t Results separated by a comma are duplicates from the same irradiation, those by a semicolon 

are from a different irradiation. 

hafnium compounds, e.g., oxides and fluorides, indicate that Zr-anion bonds are 
slightly more covalent in character than the corresponding Hf-anion bonds and that 
this factor should cause the Zr/Hf ratio to rise during differentiation, which is opposed 
to the observations. Butler and Thompson4 discuss the possibility that partial 
separation of the two elements could be caused by the fractionation of volatile halides. 
Taylor21 says that the trend of the Zr/Hf ratio indicates that the Hf-0 bond is slightly 
more covalent than the Zr-0 bond and that this is to be expected from the values of the 
fist ionization potentials (6.84 eV for Zr and 7 eV for IS). However more recent 
dataa show that the tirst ionization potentials are 6.95 and 5.5 eV for Zr and Hf 
respectively. 

Burns and Fyfe 23*24 have recently discussed reasons why the existing rules and 
principles used to explain geochemical behaviour are unsatisfactory and they stress the 
need for consideration of all the thermodynamic quantities involved when crystals 
form from a melt. The structure and chemical composition of the melt, as well as of 
the crystal, must be considered since they contribute to the energy of the system. It 
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FIG. 2.-Zr/Hf ratios plotted (A) against Ti and (B) against Rb contents. 
x-M&burg Granite (GM); OSchluchsee Granite (GSch); +-Rirhalde Granite 

(GRH) 

has also been pointed out that the introduction of some covalent character into an 
ionic bond strengthens the crystal lattice,2s*24 contrary to statements sometimes made 
by geochemists. This additional energy can be considered as a polarization energy 
term in the lattice energy equation for ionic crystal~.~~ 

WhittakerS has suggested that a silicate melt approximates to a random close- 
packing of oxygen ions, with the silicon and other cations occupying the available 
interstitial sites. It is known that the proportion of tetrahedral sites in natural silicate 
liquids increases with increasing amounts of alkali silicate,27 resulting in a corre- 
sponding decrease in the number of octahedral, and larger, sites. This would tend to 
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force 6-co-ordinate cations in the melt into energetically unfavourable lower-co-ordi- 
nation sites. The alternative would be for these cations to leave the melt and enter the 
crystal phase, where there is a higher proportion of octahedral sites. ZrQ- and F 
ions are too large (0.79 _@@ to enter tetrahedral sites and we suggest that the distri- 
bution of these elements between melt and crystals is governed mainly by the pro- 
portion of octahedral sites and the concentrations of the two elements in the melt. 

T~~II.-U~T a VOLUMES OF SOME ~~RRES~NDDW Zr AND Hf 

CoMPo~S 

Compound 

Unit cell volume, A* 
X = Zr X=Hf 

Dr. 
xc 

1313 1299 
1036 100~0 

XN 94.82 91.13 
X01 140.6 131.1 
XP 4416 428.1 
XS* 165.7 162.9 
XSiOp 2605 255.2 

Table II gives unit cell volumes of a number of corresponding zirconium and 
hafnium compounds. In each case the hafnium has a smaller unit cell, indicating that 
Hfkt occupies somewhat less space than Z@+ in these structures. We propose that this 
property of Hf* gives it a slight stabilization, relative to ZPt, in the melt as the 
proportion of octahedral sites decreases during differentiation. On the basis of this 
hypothesis the Zr/Hf ratio should decrease as differentiation proceeds. Similar factors 
may explain the distribution of these elements between alkali amphibole and zircon in 
alkali and undersaturated alkali rocks. 
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Zusannnenfassuag-Eine ziemlich rasche Methode zur Abtrenmmg 
von Hafnium aus bestrahlten Gesteinsproben wird beschrieben und 
Ergebnisse von ~~~~~t~~g~ mitgeteilt. Die Verteilung 
von Zirkonium und Hafnium sowie die Verlinderung des Zr/Hf- 
Verhiiltnisses in drei Kalk-Alkali-Granitmassen werden diskutiert. 
Griinde ftir das beobachtete Abnehmen des Zr/Hf-Verh&hnisses beim 
Kristallisieren schmelzatissiger Gesteine werden vorgeschlagen. 

R&urn&On d&it une methode moyennement rapide pour la &p- 
aratron du hafuium d’echantillons de roche irradieis et rapporte les 
resultats des dosages du hafnium. On d&cute de la &partition du 
zirconium et du hafnium et de la variation du rapport Zr/Hf dans trois 

masses de granit alcalino-cakaire. On sugg&e des raisons pour la 
decroissance observee dans le rapport Zr/Hf durant la cristaliisation 
des roches ignt!es. 
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SEPARATION SCHEME FOR THE DETERMINATION 
OF ALKALI METALS (K, Rb, Cs), ALKALINE 
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Summary-A scheme is outlined for the separation of Li, K, Rb, Cs, Sr, 
Ba, Ce, Nd, Sm and Eu from silicate materials. The elements are 
separated by cation-exchange to provide groups suitable for mass 
spectrometric analysis, and are then further purified by anion-exchange. 
Results obtained by isotopic dilution analysis are reported for G-l, 
W-l, and the Barwell meteorite-in these measurements the alkali 
metals were determined separately from the other elements. Require- 
ments are discussed for combining the procedures to form a more 
comprehensive method for use with a single sample. 

NEUTRON-ACTIVATION analysis and mass spectrometric isotopic dilution are well- 
established methods for the accurate determination of trace elements, but they are 
frequently restricted to the study of only a few elements in any given sample. A more 
comprehensive approach offers two main advantages: (a) it provides for greater 
economy both in effort and sample material; (b) the significance of results, for exam- 
ple for geochemical studies, often centres on element correlations, and a scheme 
providing for the simultaneous measurement of many elements can reduce uncer- 
tainties otherwise caused by inhomogeneities between different samples of the same 
material. 

Recent papers from this laboratory1*2 outlined a radiochemical separation scheme 
for the measurement of eleven elements by neutron-activation analysis. The present 
paper centres on those elements that are particularly appropriate to the “stable” 
isotopic dilution technique. Earlier work covered the separation of rubidium and 
caesium from meteorites,3 rubidium and strontium for geological age measurements, 
etc. These methods are now extended to include a wider range of alkali metals, 
alkaline earths and rare earths. The following sections outline the basis of a complete 
separation scheme for ten elements, results obtained for nine of these while various 
parts of the scheme were being tested, and further steps needed to provide a single 
integrated procedure. 

EXPERIMENTAL 
The aim of the chemical separation is to divide the elements into groups, each suitable for isotopic 

analysis by mass spectrometry. In the earlier work, after addition of isotopically enriched tracerS 

* Present address: Bhabha Atomic Research Centre, Bombay, India. 
t Present address: University of Natal, Pietermaritzburg, South Africa. 
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and dissolution of samples, cation-exchange chromatography was used to separate rubidium and 
caesium from calcium, and rubidium from strontium. In the present separation alkali metals are 
again eluted from Zeo-Karb 225 with 2.5M hydrochloric acid to give fractions containing lithium, 
potassium, rubidium and caesium for combination as required. As a development of the scheme 
outlined by Fritz and Garralda,’ the eluent is then changed to 2*1M nitric acid to give a strontium 
and barium fraction, and then to 2*6M nitric acid for the rare earth tzrotm. Each of the fractions is 
then further purified by anion-exchange on a column of De-Acidite?F i’n the oxalate form for the 
alkali metals, and the chloride form for the other two groups of elements. Contamination arising 
during the procedure or from various reagents is determined, as required, by processing a solution 
of tracer only. 

Isotopic analyses were made with two thermal emission mass spectrometers. Rare earths were 
determined with a standard AEI MS5 instrument. The remaining elements were determined with a 
“home-built” ISO-mm radius 60” instrument: a plate detector, vibrating reed electrometer and chart 
recorder were used for the measurement of lithium and potassium; electrostatic scanning was used 
for the other elements-the output from the electron multiplier was digitized with a Hewlett-Packard 
2211 voltage-frequency convertor, and successive sweeps were accumulated in a Laben 512-channel 
multiscaler. Potassium, rubidium and caesium were ionized with a single platinum filament, and 
lithium by the nickel side-flag technique *Ii 
elements. 

Triple tilament (tungsten) units were used for the other 

The separated isotopes used as tracers for all elements except caesium and europium were obtained 
from the Harwell Electromagnetic Separation Group, and had the following concentrations for the 
main isotope: OLi, 99.98 %; rlK, 95.3 %; *‘Rb, 99.6%; %r, 51.0%; la4Ba, 64.4%; lrnCe, 95.8 %; 
IrsNd, 76.9 %; IroSm, 90.5 %. lslEu, 99*1%, was obtained from the Oak Ridge National Laboratory, 
and fission-product caesium from the Radiochemical Centre, Amersham. These were dissolved and 
diluted to suitable concentrations ranging from O-1 mg/g for *lK to 0.01 pg/g for lslEu. The concen- 
tration of each tracer solution was determined by isotopic dilution against dilute standard solutions 
prepared from Johnson-Matthey “Specpure” reagents. Reagents (with drying temperatures) were 
KC1 (500’). RbCl (200”), CsCl (3009, SrCO, (460”), BaCO, (460’), CeO, (700”), Nd*O* (640”), 
Sm,O, (600”), EupOs (650’). The mean deviations for these measurements of tracer concentrations 
ranged from 0.4% to 3%, with a mean value of 1.2% for the nine elements. 

Reagents 

Hydrochloric acid. Distilled in quartz from analytical grade-reagent. 

Nitric acid. Distilled in quartz from lead-free reagent under reduced pressure. 

Sulphuric acid. Distilled in quartz from lead-free reagent. 

Perchloric acid. Distilled in quartz from lead-free reagent. 

Hydrofluoric acid. Distilled in PTFE from analytical-grade reagent. 

Apparatus 

Quartz, polythene or platinum wherever possible. Platinum slides made from sheet metal, with 
a small indentation near one end. 

Preparation of ion-exchange columns 

Cation-exchange column. Zw-Karb 225, <200 mesh,washed with 6*2M hydrochloric acid and air- 
dried. Add 16 g as a slurry in 6.2M hydrochloric acid to a polythene tube, drawn out at one end. 
Wash with ~100 ml of 6.2M hydrochloric acid and 
cotton wool. not silica wool. should be used. 

~200 ml of 2.5M hydrochloric acid. Plugs of 

Anion-exchange column. vse 2 g of De-Acidite FF in a polythene tube. For the oxalate form wash 
with -25 ml of 2.5M hydrochloric acid, ~25 ml of saturated oxalic acid, ~25 ml of hydrochloric 
acid, -20 ml of water, ~25 ml of saturated oxalic acid, ~20 ml of water. For the chloride form 
wash with -40 ml of 6*2M hydrochloric acid. 

Weigh out the tracers individually, evaporate each to dryness; weigh out the sample (~100 mg). 
Add 5 ml of hydrofluoric acid and preferably leave to stand overnight. Evaporate, add 5 ml each of 
hydrofluoric and perchloric acids and evaporate again. Add a further 5 ml of perchloric acid and 
evaporate to decompose fluorides. Finally add ~0.5 ml of water and evaporate to dryness. Dissolve 
the residue in 2 ml of 2.5M hydrochloric acid. (Note. It may first be necessary to add about 1 ml of 
6.2M hydrochloric acid and evaporate just to dryness, to ensure complete dissolution.) Transfer to 
the cation-exchange column, add ~1 ml of 2.5M hydrochloric acid, and then 5 ml more, in each case 
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allowing the column to drain, and then connect to the reservoir. Adjust the flow rate to -1 ml/mm, 
elute and collect as follows. * 

Elution with 2.5M hydrochloric acid 

O-20 ml discard 
20-30 ml collect Li 
30-50 ml discard 
50-100 ml collect K, Rb, Cs 

Remove the hydrochloric acid from the top of the column, rinse the reservoir, pass 30 ml of water 
through the column, and then continue elution with 2*07M nitric acid. 

Elution with 2.07M nitric acid 

100420 ml discard 
120-240 ml collect Sr, Ba 
240-260 ml discard 

Remove the nitric acid from the top of the column, rinse the reservoir and continue elution with 2.58M 
nitric acid. 

E&ion with 2*58M nitric acid 

26046Oml collect Eu, Sm, Nd, Ce 

Eva 
Li P 

orate each fraction to dryness in a clean platinum dish. 
raction. Add 1 ml of water to dissolve the residue, and add to a De-A&We FF column in 

the oxalate form. Elute with 10 ml of water. and evauorate in the same platinum dish. Transfer to a 
microscope slide treated with “Repelcote”. Add I drip of cont. nitric aiid, evaporate and transfer in 
water to a nickel “Sag” assembly for mass analysis. 

K, Rb, Cs fraction. As for Li but transfer to a platinum slide, add I drop of cont. sulphuric acid 
and evaporate. Transfer to a precleaned single platinum filament for mass analysis. 

Sr, Ba fraction. Evaporate in a platinum dish, add 1 ml of 6*2M hydrochloric acid, warm and 
transfer to a De-Acidite FF column in the chloride form. Elute with 10 ml of 6.2M hydrochloric acid, 
and collect and evaporate in the same platinum dish. Flame to red heat to remove any 
Transfer to a microscope slide treated with “Repelcote”, using hot cont. nitric acid. 

organic residue. 

Ce, Nd, Sm, Eu fraction. As for Ba and Sr, but after Saming, extract the rare earths with hot 
cont. sulphuric acid and transfer to a platinum slide. 
precleaned filament with dilute sulphuric acid. 

After evaporation&t to dryness, load on to a 

RESULTS 

The results listed in Table I were determined by the procedures above except that 
lithium was omitted, and potassium, and rubidium and caesium were determined 
separately from the other elements. In the comparison with earlier data, the accuracy 
of the new set of results is dependent on the following factors: (a) the precision of 
the measurements-the mean deviation ranges from < 1% to a worst case of ~8 % 
for caesium in Barwell at 0.012 ppm; the average value of the mean deviation for all 
results is “2%; (b) the calibration of the traccr- again mean deviations range from 
0.4 to 3 % with a mean value of only 1.2%; results for strontium are, however, 
subject to a further uncertainty of 10% in the concentration of the standard used; 
(c) blank corrections-for the results above, the corrections were small, usually 
0.1-l %, occasionally 24% for a few very low concentrations, and the uncertainties 
insignificant. 

For G-l and W-l there is satisfactory agreement with accepted or published 
values. For Barwell there are few published results, but the observed values are close 

* Elution volumes must be redetermined for each batch of resin. 
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TASLE I.---RESULTS FOR STANDARD ROCKS G-l AND w-1, AND THB BA~WEZL CHONDIUTE 

Element 
Individual 

results 
Mean 
value 

Standard 
Diabase 

W-l 

K 
Rb 
cs 
Sr* 
Ba 
Ce 
Nd 
Sm 
Eu 

Standard 
Granite 

G-l 

K 
Rb 
cs 
Sr* 
Ba 
ce 
Nd 
Sm 
EU 

Barwell 
Chondritet 

K 
Rb 
cs 
Sr* 
Ba 
Ce 
Nd 
Sm 
Eu 

051,053 O-52 % 
21.2, 20.6 20.9 ppm 
l-05, 1.02 l-04 ppm 
187, 185 186 ppm 
147, 147 147 ppm 
23.7, 23.5 23.6 ppm 
13.7, 13.4 13-5 ppm 
3.4, 3.6 3.5 ppm 
l-15, I.15 1.15 ppm 

4.63,4.55 
not determined 
1.46, 1.41 
234,228 
980,983 
166, 181 
55, 60 
8.2, 8.4 
1.28, l-28 

0.080,0.081 0.081% 
2.5, 2.4, 2.4 2.41 ppm 
0.011, 0~010,0~013 0.011 ppm 
9.7, 100 9.9 ppm 
3.8, 3.5 3.6 ppm 
0.88, 0.87 0.88 ppm 
0.65, @66 0.65 ppm 
0.20, 0.21 O-21 ppm 
0.076, 0.077 0.076 ppm 

4.59 % 

144 ppm 
231 ppm 
982 ppm 
174 ppm 

58 PPm 
8.3 ppm 
l-28 ppm 

- 
Comparison values 

0.52O, 0*53* 
20*1”, 21*3’, 22.5”’ 
0.83d, 1.08” 
172a’, 180ba 
13C, 158’ 
15.19, 21d, 23.8, 24’, 24.3’ 
15.08”, 15,1’, 20.29, 21’ 
2.8d, 3-2k, 3.41, 3.469, 3.78, 3*78’, 3.791 
I+$‘, 1.08d, 1.091, 1*123”, 1.28, 1.29P 

4-2d, 4.52b, 4.58O 
- 

&5tt*1 25261 

1075; 1W 
1341, 1509, 1561, 157*, 173” 
44’. 54.6’, 55.29, 86.4” 
7*52’, 7.61, 7.7*, 8.259, 8.6’, 8*89* 
1.044, 1.041, 1.24*, l-3’, 1.36~ 

0.080” 

* Results for Sr are subject to an uncertainty of 10%. 
t Results refer to total meteorite. 
0 Ingamells and S~hr,~ spectrochemicai analysis. 
* Fleischer and Stevens,’ review of data. 
0 Cabell and Smales,B activation analysis. 
d Gordon et uI.,~ instrumental activation anaiysis. 
* Loveridge et al., lo el, activation analysis e2, isotopic dilution. 
1 Schnetzler et al.,‘l isotopic dilution. 
g Towel1 et aZ.,la activation analysis. 
h Schnetzler et aI.,ls isotopic dilution. 
6 Tomura et aI.,14 activation analysis. 
f Haskin and Gehl,15 activation analysis. 
* Brunfelt and Steinnes,x6 instrumental activation analysis. 
1 Cobb,” instrumental activation analysis. 
” Pinson et af.,22 isotopic dilution. 
* Moss et aI.,lg flame photometry. 
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to those expected for this class of meteorite. For potassium the concentration for the 
total meteorite is 0.081% in close agreement with the value of 0*080% determined 
by flame photometry at the British Museum,1° and in contrast with earlier higher 
values (average value for chondrite@ is 0.083%); rubidium and caesium are close 
to the median values recorded for a range of hypersthene meteoritesS (Rb, 2.7 ppm; 
Cs, 0.077 ppm); for the rare earths Haskin et ~2.~ report mean values of Ce l-19 ppm, 
Nd 063 ppm, Sm 0.22 ppm, Eu O-083 ppm, determined by activation for a range of 
“ordinary” chondrites. 

DISCUSSION 

In development of the procedure a number of difficulties were encountered from 
contamination problems. Barium was a particularly troublesome impurity, but could 
be controlled by purification of reagents. For example the batch of “Transistor Grade” 
hydrofluoric acid used contained 42 kg of Ba/ml, but this fell to 0*00025 pug/ml on. 
distillation in PTFE. The various impurities contained in the isotopically enriched 
materials used as tracers formed a more serious potential source of error. Since 
tracers are prepared by electromagnetic separation, impurities could have an unnatural 
isotopic composition and so might be incorrectly determined, or even not detected by 
a normal blank correction. This is particularly important for the 41K tracer which 
may be added in a 102-105-fold excess over the other elements. Relevant impurities 
were detected in the lithium and potassium tracers by thermal emission studies, and 
so, for the measurements reported in Table I, lithium was omitted from the scheme, 
and potassium, and rubidium and caesium were determined separately from the other 
elements. For the group of strontium, barium, c&urn, neodymium, samarium and 
europium, each tracer was examined by spark source mass spectrography, and the 
concentrations of the other five elements were shown to be insignificant. 

In this work the alkaline earth and rare earth elements were measured with different 
mass spectrometers, but only to provide greater experience for one of the authors while 
on attachment at A.E.R.E. Further tests have shown that these elements can readily 
be determined in a single mass analysis by using both side-filaments of a triple filament 
source unit; it is however preferable to examine the alkali metals by a separate iso- 
topic analysis. 

The overall scheme outlined in this paper has been tested through to the mass 
analysis stage, and given tracers of adequate purity can provide a method for the 
determination of the ten elements Li, K, Rb, Cs, Sr, Ba, Ce, Nd, Sm and Eu on a 
single sample; this would involve three mass analyses: (i) Li, (ii) K, Rb, Cs, (iii) 
alkaline earths and rare earths loaded on separate side-filaments of a single source 
unit. The method could be extended if required to include some other elements, 
for example only four rare earths were selected for study, but Schnetzler et aLla 

describe a procedure for measuring nine rare earths, based on two isotopic analyses, 
It is also expected that the scheme would be integrated with measurements made by 
instrumental activation analysis of intact samples before dissolution for isotopic 
dilution work. For example this could provide a means for measuring sodium, for 
which there is no convenient tracer for mass spectrometry, in order to complete the 
coverage of the alkali metals. 
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Zusammenfassung-Eii Trennungsgang fur Li, K, Rb, Cs, Sr, Ba, Ce, 
Nd, Sm und Eu in Silikaten wird skizziert. Die Elemente werden 
durch Kationenaustausch in Gruppen aufgetrennt, die zur massen- 
spektrometrischen Analvse geeignet sind, und dann weiter durch 
Anionenaustausch gerehrigtr Lurch Isotopenverdtlnnungsanalyse 
erhaltene Ereebnisse werden ftir G-l. W-l und den Barwell-Meteor&n 
angegeben-b;i diesen Messungen w&den die Alkalimetalle getrennt 
von den anderen Elementen bestimmt. Die Erfordernisse zur Kombina- 
tion der Verfahren werden diskutiert, urn eine umfassendere Arbeits- 
vorschrift zur Analyse einer einzelnen Probe zu erhalten. 

R&um&Gn Bbauche un schema pour la separation de Li, K, Rb, Cs, 
Sr, Ba, Ce, Nd, Sm et Eu B partir de substances silicatees. Les Uments 
sont separes par &change de cations pour fournir des groupes convenant 
pour l’analvse spectrometrioue de masse, et sont purifies davantaze 
par &hang; d’a.&ons. On mkntionne les resultats obtenus par analy;e 
ear dilution isotoniaue Dour G-l. W-l et la meteorite de Barwell-dans 
&es mesures les &a& alcalins.ont et& doses separbment des autres 
elements. Gn discute des conditions n&essaires pour combiner les 
techniques atin de former une methode plus g&n&ale pour l’emploi 
avec un seul echantillon. 
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Summary_-Ages obtained by potassium-argon dating are reported 
for the total rock, light mineral fraction and heavy mineral fractions 
of the Cape Granite, and of a granitized xenolith derived from the 
Mahnesbmy sediments. These ages lie between 430 and 554 million 
years. The heavy mineral fractions from each rock type show the 
oldest age, 540 (granite) and 554 (xenolith) million years. These ages 
are interpreted as lower limits, and the granite age confirms the age 
of 553 million years found by rubidium-strontium dating. The 
coincidence of the ages of the different fractions of the granite and 
xenolith samples is discussed in the light of the different suggestions 
about the age of the Malmesbury sediments. The conclusion is 
reached that all pm-granitization history has been eliminated. The 
possibility of the use of argon retention as a measure of metamorphic 
activity is suggested. 

ALDRICH et al.l reported isotopic age measurements made by rubidium-strontium 
and potassium-argon methods on biotite, and by uranium-lead and thorium-lead 
methods on zircon, from a single sample of the normal granite from the Cape 
Peninsula, South Africa. The results obtained varied from 330 x lo6 yr (YJ-~~~Pb 
on zircon) to 600 x lo6 yr (Rb-Sr on biotite). Allsopp and Kolbe* determined the age 
of emplacement of the granite, by using the rubidium-strontium method, hoping that 
the primary isotopic ratio, 87Sr/8BSr, obtained in the course of their study, might be 
useful in providing further evidence on the possibility that the granites were derived 
by mobilization of the Malmesbury sediments which are invaded by stocks and 
plutons of the Cape granite. They reported an age of 553 x lo8 yr for the total rock 
age of the granite, and mineral ages which were essentially in agreement with this age 
but which suggested that a mild metamorphism had caused some loss of daughter- 
product from biotites and potassium feldspars. They also reported ages obtained by 
the potassium-argon method for two biotite samples from the granite, which varied 
between 487 and 496 x lo6 yr, and which were lower than the ages they obtained for 
the same samples by the rubidium-strontium method. Since the primary *rSr/s%r 
ratio of the granite was not unusually high, as would have been the case had the 
granite been derived from the presumably much older Malmesbury sediments, 
Allsopp and Kolbe attempted to measure the age of the Malmesbury sediments by 
rubidium-strontium determinations on total rock samples. The isochron obtained 
was linear, indicating an age of 595 f 45 x lo6 yr, and they concluded that the age 
of the Malmesbury deposition could not “greatly exceed the apparent age” obtained 
from the isochron. 

All radiometric age determinations depend on four assumptions. First, that the 
decay of parent to daughter isotope proceeds at a constant known rate. Second, that 
the sample to be dated contained, at the time of its formation, either an amount of 
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daughter isotope which can be determined at the present time, or else no daughter 
isotope at all. Third, that the time taken for formation of the sample was short 
compared with its present age. Last, that the sample has remained a closed system 
with respect to both parent and daughter isotope since the time of its formation. 

In the case of the 4oK/40Ar dating method, this last assumption is often not valid. 
That argon loss by diffusion is possible was suggested by Gentner et al?** The 
quantity lost will depend on the grain size and the structure of the particular potassium- 
bearing mineral involved. Lower *OAr/*OK ratios are usually found for feldspars than 
for co-existing biotites, and this discrepancy is normally attributed to the greater 
rate of diffusion of argon out of feldspars than out of biotites. Loss of argon by steady 
diffusion out of a crystal would not, however, lead to the determination of an erroneous 
total rock age unless the argon was lost to the system as a whole. By system, here, 
we must understand a volume of rock which is eventually all used as a sample for 
analysis, and from which no argon has been lost, although internal diffusion of argon 
may have occurred. It was to overcome the effect of daughter isotope migration in 
rubidium-strontium age determinations that the total rock approach was introduced.6 

The validity of an age determined by the potassium-argon method will also depend 
on the behaviour of the parent isotope, MK, throughout the life of the rock. Since the 
mineral containing potassium incorporates it on being formed, the parent isotope is 
not foreign to its host mineral, and there might appear to be no reason to expect 
potassium escape or addition, nor to expect any marked variation in the isotopic 
abundance of *OK in this potassium. The importance of potassium movement in the 
granitization process has long been recognized, however, and recent work has shown 
that diffusion of potassium into rocks6-s occurs even when granitization has not taken 
place. This movement of potassium results in variation in the isotopic ratio sgK/*lK. 
39K/41K ratios vary for total rock samples of different granites+la and, in addition, 
it is known that different mineral fractions of granites show different 3sK/41K ratios.8Js 
It therefore does not seem reasonable to expect that the abundance of *OK remains 
constant throughout nature, although it should be remembered that the observed 
variations in 3eK/41K ratio are small (up to 3 %) and that any variation in 40K abun- 
dance would be even smaller. Nevertheless, *OK concentrations are generally obtained 
by measurement of the total potassium concentration in a sample, and use of the 
assumed constant abundance of *OK in nature. This assumption is supported by *OK 
abundance measurementslo on a number of samples, including some which show 
differing 39K/41K ratios. 

Although the available evidence indicates that the abundance of 40K may be 
constant in nature, the non-isolation of systems with respect to their potassium 
content is irrefutable in view of the interpretation of varying 3gK/41K ratios in terms 
of movement of potassium. The introduction or removal of potassium from a rock 
sample is likely to have a very much greater effect on the measured age than any 
minor variations in the abundance of *OK which may occur as a result of this move- 
ment, because it is assumed that the present potassium content of a sample is that of 
the initial sample on its formation less that lost by natural decay. Thus, if potassium 
was added to a rock during its lifetime, the ratio *OAr/*OK, measured for that sample 
at some time after introduction of the potassium, would be lowered and the measured 
age for such a sample would therefore be too low. 

In contrast to the problem of inaccurate ages caused by a steady diffusion of argon 
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from a mineral, there is the possibility of a catastrophic loss of argon as the result of 
metamorphism of the system containing it. If such an event occurs, and loss of argon 
is complete, then the rebirth of the rock may be accurately dated. If loss of argon is 
not complete at the time of metamorphism then there can be no method of determining, 
by 40Ar/40K ratios, either the age of the original formation of the date of the meta- 
morphic event. Thus, while argon loss by steady diffusion causes a measured age to 
be only a lower limit of the age of the sample, incomplete loss of argon during meta- 
morphism would lead to an age intermediate between that of the original formation 
and that of the metamorphic event. 

While potassium-argon measurements on a system which has undergone such 
change are of no value for obtaining a meaningful age, they could prove useful in 
attempts to gauge the intensity of a metamorphic event. Assume that a pre-existing 
rock is measurably older than an intruding granite. Assume also that the intrusion 
of the granite causes some metamorphism of the pre-existing rock. Then the amount 
by which the apparent age of the metamorphosed rock exceeds the age of the granite 
will vary inversely with the intensity of the metamorphic process. 

The work described in this paper represents an attempt to data the Cape Granite 
by the potassium-argon method and to obtain information on the possible retention 
of argon by a xenolith of Malmesbury sediment during its metamorphism by the 
surrounding granite. It was also hoped that, had the xenolith not released all the 
argon accumulated during its existence as a sediment, it might be possible to obtain 
some indication of the intensity of the metamorphic process. 

EXPERIMENTAL 

Samples 

The samples analysed were a sample of the Cape Granite, GI, and a sample taken from the edge 
of a granitized xenolith, GXl, found in this granite. Both the samples and their location have been 
previously described” and have been used for *@K/“K ratio studies.e*8 

In the sample numbering system the letters T, L and H after the sample number represent “total 
rock’, “light mineral fraction” and “heavy mineral fraction” samples respectively. 

Representative samples of the original hand-specimens werecrushed in astainless steelmill until the 
whole passed a 40-mesh sieve. After mixing, the sample for analysis was withdrawn and crushed to 
pass an IO-mesh Tyler sieve. 

The separated fractions of the representative total rock samples were obtained by floating the 
crushed samples on bromoform. The heavy fraction, comprising biotite, hornblende and other heavy 
minerals, settled to the bottom of the liquid, while the light fraction, comprising feldspar and quartz, 
remained in suspension and was decanted off. Subsequent examination of the fractions showed 
that while the separation of light and heavy fractions was not perfect, the contribution of the impurity 
fraction to concentration determinations would be negligible. 

Argon determination 

The argon extraction apparatus was of standard design. The purification train comprised a 
moisture trap containing magnesium perchlorate, a carbon dioxide trap containing potassium 
hydroxide, and a calcium furnace to ensure reaction and removal of gases other than the noble gases. 
The calcium furnace was a modification of the original design of Soddylp and of the furnace used by 
Arrol and his co-workers,16 and included a stainless steel crucible and lavite supporting parts. The 
samples for analysis varied in weight between 4 and 9 g, and were fused with 60 g of sodium hydroxide 
for 6 hr. Preliminary experiments had shown that release of argon from rock samples of this size 
was reproducible for heating periods of over 2 hr under these conditions. Mixing of released argon 
and spike argon was allowed to take place during the whole period of extraction. At the end of this 
time the spiked sample, after multiple passages through the calcium furnace, was trapped and trans- 
ferred to the mass spectrometer for analysis. 

The spikes used during this work were all prepared from a single sample of ssAr obtained from 
the U.K.A.E.R.E., Harwell. This sample, containing 0.168 standard ml of argon, was subdivided 
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into 40 approximately equal samples of calibrated volume (approximately 25ml) and measured 
pressure. The apparatus used was similar to that described by Haden and Inghram,le modified by 
the construction of breakseals into a manifold as used by Carr and Kulp.” 

The40Ar in the extracted argon from each rock sample was determined by isotope dilution analysis, 
with a 5-in., 60”, Nier-type gas source mass spectrometer previously described by Delaney.18 The 
only modification to the instrument was in the sample handling and inlet systems, so that satisfactory 
results could be obtained with samples of about 2 ~1 of argon. 

Background responses at m/e 36 and 40 could not be removed completely by baking of the 
spectrometer. The background in this mass range was scanned 30 times before argon was admitted 
to the instrument, and a further 10 times after completion of the analysis and reabsorption of argon 
left in the mass spectrometer. The object of the last 10 scans was to check that the background in 
the tube was unchanged, and consequently that the nett responses at m/e 38 and 40 were exclusively 
due to the admitted sample. They also served to check that there were no memory effects in the 
mass spectrometer. 

Potassium determination 

The potassium contents of all samples were measured by flame spectrophotometry (Hitachi- 
Perk&Elmer 193 UV-VI’S spectrophotometer with the flame photometry attachment 139-0400). 

Two methods of sample dissolution were used as a partial check on the carefully controlled 
reagent impurities. The same potassium concentration was found for any sample regardless of which 
method of dissolution had been employed. These methods were those of Kallmann,lB and of 
Evernden and Richardsso Subsequent treatment of the dissolved samples was that suggested by 
Cooper.B1 The 40K content of the sample was determined by calculation from the measured total 
potassium concentration by assuming a *OK abundance of @0119 %. 

RESULTS AND DISCUSSION 

The results obtained are shown in Table I. The reproducibility of results obtained 
is indicated by the inclusion of a standard deviation with each average value quoted. 

TABLEI 

4OAr 
Sample Potassium, % 1O-s moie/g 

Sample age*, 
1O’yr Signihcance of age differences? 

GIT 5.01 f 0.05 0*411 * 0.019 478 f 17 GXIT, 30%; GIL, 99%; GIH, 99% 
GIL 4.91 * 0.02 0.413 f 0013 430 f 11 GXIL, 50% 
GIH 5.79 & 0.03 0.633 & O-022 540 f 16 GXIH, 55 % 
GXIT 3.23 & 0.03 o-301 zt 0.003 470 & 4 GXIL, 99%; GXIH, 99% 
GXIL 2.81 f 0.04 0.244 -f 0.008 440flO - 
GXIH 4.36 f 0.04 0.491 f oW4 554 f 4 - 

* The age of each sample has been calculated by using a branching ratio of 0.124 for &OK decay. 
t The values in this column show at what level of confidence the difference between the age of 

the sample and that of the stated comparison sample becomes significant. It is not advis- 
able to consider a difference as significant unless the confidence level is at least 95 %. 

The 40K concentrations used in the calculations were obtained on the assumption 
of a constant abundance. In the case of the samples from GXI, it is known that there 
are variations in the ratio 3QK/41K .*Js Although, on this basis, it might be expected 
that variations in the abundance of 4sK could occur, any such variations would have 
only a small effect (about 1%) on the calculated age. In addition, it has been reported 
by Harms et al. lo that even where variations in 3eK/41K ratios are found, the abun- 
dance of 40K remains constant. In view of these facts, it seems that any error intro- 
duced by the assumption that *OK has a constant abundance would be too small to 
affect the calculated age by a significant amount. 

Although the isotope dilution technique does not depend on the retrieval of all 
the argon in spike and sample, it does depend on complete mixing of the spike sample 
with all the argon present in the rock. Thus incomplete release of argon from the 
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rock during the fusion process would invalidate the results. The only evidence which 
can support the assumption of complete argon release during fusion of the sample is 
the essentially reproducible argon concentration obtained from the various rock 
samples. This may be seen from Table I. The conclusion that all the argon in a sample 
has been released if a constant argon yield can be obtained is commonly made by 
workers making geochronological studies. 

The calculated ages for each sample show remarkably little spread. From a 
consideration of the errors involved in measuring the 40Ar and 4oK concentrations it 
would be expected that the results, on the whole, should show a greater spread. That 
they do not can only be attributed to a “statistical chance”. The ages of the three 
fractions of each sample (total, light, heavy) are not the same. The differences observed 

TABLE II.-AGE DETERMINATIONS ON SAMPLES FROM THE CAPE GRANITE 

Sample Method of dating Author Age, 106yr 

Zircon *Wpb_S”qYb 

Biotite I(-Ar 
Biotite Rb-Sr 
Biotite Rb-Sr 
K-feldspar Rb-Sr 
Biotite K-Ar 
Total Rock RbSr 
Total Rock K-Ar 
Heavy fraction* K-Ar 

* The heavy fraction includes biotite. 

Aldrich ef al.’ 

Aldrich et al. 
Aldrich et al. 
Allsopp and Kolbe* 
Allsopp and Rolbe 
Allsopp and Kolbe 
Allsopp and Kolbe 
This work 
This work 

530 i 30 
50.5 f 25 

EEO 
&551 
487-496 
553 zt 8 
478 rt 17 
NO&16 

follow a pattern, probably due to argon loss, with the greatest loss, and therefore the 
youngest age, being shown by the light (feldspar and quartz) fraction. There is no 
means by which we can show how much argon has been lost by each fraction, and 
therefore the ages can serve only as a lower limit of the absolute age. 

The granite age 

The age determined for the graphite sample is not inconsistent with previously 
reported ages obtained from both mineral and total rock samples from the normal 
granite of the Cape Peninsula. Gl is a typical sample of this granite. Some of these 
earlier results are shown in Table If together with two results obtained in this work. 

Assuming that the heavy fraction age determined in the course of this work is 
higher than the total rock or light fraction ages because the heavy minerals have lost 
less argon than the light minerals, this determined age would still represent a lower 
limit for the age of the Cape Granite. The value of 540 x lo6 yr, then, would confirm 
the rubidium-strontium isochron age, measured by Allsopp and Kolbe, of 553 f 8 x 
lo6 yr. 

The granitized xenoiith 

The three ages measured on the granitized zenolith samples show the same pattern 
as is found for the granite. The usual explanation of the age difference between the 
light fraction and the heavy fraction, namely that more argon was lost from the 
feldspar-rich fraction, can again be applied. This must mean that the experimentally 
determined ages should be regarded as lower limits to the actual age of the granitiza- 
tion. 

The coincidence of the ages of corresponding samples from the granite and 
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granitized xenolith is most striking. The immediate and obvious interpretation is that 
both are, in fact, of the same age. This implies that the process of transformation of 
the Malmesbury sediment to a granite-like texture was sufficiently intense to expel 
all the argon formed during the pre-granitization life of the sediment. If this is 
accepted, it must also be true that any subsequent loss of argon from the xenolith 
and the granite was at essentially the same rate although the two rocks are by no 
means identical. 

There is, however, the possibility that some of the pre-granitization argon was 
retained during the metamorphism and that, in the post-granitization period, a 
slightly higher rate of loss of argon from the xenolith material has compensated for 
the ab initio argon retention. If this was the case the similarity of the ages measured 
now would be a coincidence. However unlikely this may seem, the possibility cannot 
be eliminated. 

Movement of the parent isotope is also possible, and the consolidated sediment 
may have functioned as a sponge for potassium without undergoing visible alteration. 
If significant quantities of potassium had entered the sediment at any time between 
its consolidation and the granitization of the xenolith, the effect on the measured “age” 
of the xenolith would be to decrease any pre-history contribution. In other words the 
lapse of time between the consolidation of the sediments and the granitization would 
appear shorter and the probability of age measurements on granite and granitized 
xenolith being indistinguishable would be increased. Only large quantities of intro- 
duced potassium would, however, be sufficient to swamp the “pre-history” period 
completely. 

One further possible explanation of the age coincidence exists. If the Malmesbury 
shales were laid down only shortly before being intruded by the Cape Granite, the 
conclusion that the metamorphism was intense enough to drive out all pre- 
granitization argon may be unnecessary. The consolidation of the sediment might 
itself involve the loss of all pre-consolidation argon and, if the time difference between 
consolidation and granite intrusion were small, it would be expected that the ages 
of the granite and the granitized xenolith would be found to be the same no matter how 
mild the subsequent metamorphism had been. It is essential that, if any interpretation 
involving the intensity of the metamorphic process is to be made, there should be a 
significant lapse of time between the consolidation of the sediment and the granitiza- 
tion process. 

Although the Malmesbury shales were originally correlated with some of the 
older geological formations, more recent field work has tended to show that they are 
much younger than this .23*24 Allsopp and Kolbe2 have made measurements of five 
samples of the sediments. (These were necessarily “total rock” ages since these 
sediments are extremely fine-grained.) This led them to attribute an age of 595 & 
45 x 106yr to the sediments. This age, together with the value of 553 x lo6 yr 
determined for the granite by the rubidium-strontium method, and the interpretation 
of the ages for the granite presented in this paper as lower limits, might indicate that 
the difference in age between the sediment consolidation and the granite intrusion was 
very small. This would result in the determined ages for the granite and the granitized 
xenolith being the same. If the small difference between the sediment “age” and the 
granite emplacement is accepted, no conclusion can be reached about the intensity 
of the metamorphism in the granitization process. 
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There is, however, some doubt about the meaning of an “age measurement” on 
sediments. Although Allsopp and Kolbe are very cautious about a definite interpre- 
tation, they do, on the basis of an apparent “isochron”*, suggest that the sediments 
cannot be much older than their determined “age”. 

An over-simplified model of sediment formation may be used to show that the 
collinearity which leads to an apparent “isochron” for a sediment can arise when 
there is no possibility that a “measured age” is anywhere near the true age. Consider 
the erosion of an older rock which has in it two component minerals having signifl- 
cantly different parent/daughter ratios. (In the case of a granite we might consider 
the rubidium/strontium ratios in feldspar and micas.) Any sediment derived from the 
consolidation of this eroded material will contain regions with different amounts of 
the two components. It will then be possible to find significant variations in the parent/ 
daughter ratio in different parts of the sediment, and hence different abundances of 
radiogenic daughter. If, during the transport of this two-component system, there was 
no loss of either parent or daughter isotope from either component, measurements on 
total rock samples of the sediment would result in a perfect isochron, the slope of which 
would correspond to the age of the original rock from which the sediment was derived. 
At the other extreme, if, during transport, all the daughter were lost, a perfect isochron 
would again result. This time the slope would correspond to the age of the consoli- 
dation. Neither of these two extreme cases resulting in collinear points in an isochron 
plot is likely to occur, but it is easy to show that, if one component loses no daughter, 
and the other component undergoes catastrophic loss of a fixed fraction of its 
daughter, the property of collinearity on an isochron plot is preserved. If the sediment 
is, as it should be, regarded as consisting of regions of different mixtures of the two 
basic components, collinearity is to be expected in an isochron, and the results 
reported by Compston and Pidgeon26 and Whitney and Hurley26 (which according 
to Allsopp and Kolbe2 are “found to be surprisingly collinear”) are, in fact, to be 
expected. The isochron slope, however, will not lead to an “age” that has any 
meaning. Although collinearity of the isochron points may be expected, the intercept 
of a false isochron line will indicate an abnormal value for the ab initio 87Sr/86Sr 
ratio. Where this conflicts with an experimental value measured on a parent-free 
component, it may be taken as an indication that the isochron is a misleading one. 
This appears to be the case for the Malmesbury sediments. The value of the 87Sr/s6Sr 
ratio for the Piketberg limestone measured by Allsopp and Kolbe2 is well below the 
“isochron” intercept on the s7Sr/YSr axis. 

Since there can be no knowledge of the changes in concentration of either parent 
or daughter in the erosion, transport and consolidation process of the sediments, 
the “age” derived from an “isochron” may be completely misleading. If the argument 
above about the collinear isochron and the dating of sediments is valid, the age of 
about 600 x lo6 yr for the Malmesbury system would appear to be suspect. Jansen23 
concluded that the Bitterfontein paragneiss was derived from “Malmesbury system” 
sediments. Nicolaysen 27 found an age of 1050 x lo6 yr for this paragneiss. The 
Malmesbury sediments, on this interpretation, would appear to predate the Cape 
Granite intrusion by a considerable period. If this is the case, the marked coincidence 

* The Rb-Sr isochron conventionally used is a plot of the 87Sr/86Sr ratio against “‘Rb/*5r ratio. 
A straight line plot results, with a slope corresponding to the age of the samples, and an 
intercept on the Wr/%r axis corresponding to the ab initio ratio. 
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of the ages of the granite and the granitized xenolith can only lead to the interpretation 
that the metamorphism was sufficiently intense to eliminate all previous “Malmesbury 
history” from the xenolith. 

In this particular case the conclusion of an intense metamorphism is not surprising. 
The possibility exists that a scale of metamorphism, based on a measure of retention 
of pre-history, may be usefully developed. Argonretention is one obvious possible basis 
for such a scale, although it may be found that the sensitivity is too great, and that 
even mild metamorphic events are sufficient to eliminate all traces of the past. On 
the other hand, the recent work of Webb and McRougall28 may indicate that, in some 
cases at least, a correlation between argon retention and extent of mineral alteration 
may be possible. 

Acknowledgement--The authors wish to acknowledge grants for the construction and maintenance 
of the mass spectrometer, and for a bursary (H.H.B.) from the South African Council for Scientific 
and Industrial Research. 

Zu~~~~~-Kali~-egos-~tersdaten des Gesamtgesteins 
sowie der leichten und schweren Mineralanteile des Kanaranits und 
eines granitisierten Xenoliths aus den Malmesbury-&?agerungen 
werden mitgeteilt. Das Alter lie%; zwischen 430 und 554 Millionen 
Jahren. Die schweren Mineralanteile zeigen jeweils das htichste Alter 
mit 540 (Granit) und 554 (Xenolith) Millionen Jahgren. Diese Alters- 
werte werden als untere Grenzen interpretiert ; das Granitalter bestatigt 
die Angabe von 553 Millionen Jahren durch Rubidium-Strontium- 
Datierung. Die ~~reinstimm~g im Alter zwischen den verschiedenen 
Granit- und Xenolithfraktionen wird im Lichte der verschiedenen 
Hypothesen iiber das Alter der Malmesbury-Sedimente diskutiert. 
Es wird der SchlUa gezogen, daD die Vorgeschichte vor der Granitisie- 
rung ausgeloscht ist. Als eventuelles MaS fiir metamorphe Aktivitiit 
wird die Argonretention vorgeschlagen. 

R&urn&-r% rapporte les lges obtenus par datage podium-~gon 
pour la roche totale. la fraction minerale le&re et les fractions minerales 
Lourdes du granit du Cap et pour une x&olithe granittse provenant 
des sediments de Malmesbury. Ces ages se situent entre 430 et 554 
millions d’ann&es. Les fractions minerales lourdes de chaque type de 
roche montrent le plus grand Ige, 540 (granit) et 554 (xenolithe) 
millions d’ann&es. Ces ages sont interpret& comme des limites 
inferieures, et l’fige du granit car&me l’lge de 553 millions d’ann&es 
trouve par datage ~bidi~-stronti~. On discute de la cdmcidence 
des ages des diffbrentes fractions des ixfiantillons de granit et xenolithe 
a la lumiere des differentes suggestions sur l’age des sediments de 
Malmesbury. On arrive ;1 la conclusion que toute l’histoire de pre- 
granitisation a ete eliminee. On suggere la possibilite d’emploi de la 
retention de l’argon comme mesure de l’activite metamorphique. 
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Summary-The usefulness of X-ray fluorescence analysis for the 
determination of bromine in soil and plants is demonstrated by 
comparing the results with those obtained by activation analysis. 
An abnormal accumulation of bromine in some soils, plants and 
cigarettes has been found. Volcanic ash soil accumulates bromine 
in its humic acid. The large ratio of chlorine to bromine in river 
water may be explained by the accumulation of bromine in humus 
of soil. The possibility of bromine contamination of food and 
cigarettes, due to the application of agricultural chemicals, is pointed 
out. 

ACCORDING to previous reports, 1-Z the level of bromine in the various materials of the 
lithosphere, hydrosphere and biosphere is, with a few exceptions, about 10 ppm as 
shown in Table I. There are few reliable determinations of bromine in soil and plant 
materials, but such measurements are of interest geochemically and of importance 
as a guide to contamination from the residues of agricultural chemicals. Recently, 
X-ray fluorescence analysis3s4 and activation analysis5-’ became available for the 
determination of bromine, and this report describes the determination of bromine in 
soils and plant materials by these methods. 

EXPERIMENTAL 

X-ray Fluorescence Analysis 

Apparatus and experimental conditions 

X-ray tube. Machlett OEG-50, tungsten target, voltage 30-40 kV, current 5-10 mA 
H&/I power unit. Rigaku Denki Model D-3F 
Sp&t?ometer. Riga& Denki Goniometer K III 
Detector. Scintillation counter with LiF crystal 
Collimator. 0.15 X 100 mm 
Pulse-height analyser. Set to 90 % of bromine K, counts 
Counting strategy. Fixed counts, generally 10000 
Chart speed. 1 cm/min 
Time constant. 1 set 
Scanning speed. l”/min 

Procedure 

Preparation of sampfes. Samples were always ground below lO&mesh size in order to obtain 
consistent and reproducible results. The KoL line of selenium was used as internal standard for 
quantitative analysis. A solution of sodium selenate was mixed well with the sample to make a 
homogeneous specimen containing 500 ppm of selenium. 

Preparation of star&& Analytical reagent grade ammonium bromide (0.613 g) was dissolved in 
water and diluted to 1 1. to make a 500-ppm bromide solution. Definite amounts of this solution and 
the selenium solution were added to pure silicic acid or to starch washed with water, to make 10, 30, 
50, 100,200, 300, 500, 700 and 1000 ppm bromine standards for soils and plants respectively. 

Qualitatioe analysis. The spectrometer was adjusted to the copper KoL line at 1524 A. About 1 g 
of sample was compacted in a plate mould and set on the sample holder, and the X-ray spectra were 
obtained under the conditions mentioned above. 

1135 
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Quantitative anaIysis. The spectrometer was set to the bromine KE line at 1441 A and selenium 
Km line at 1.106 A, and the time for 10000 counts was measured. A calibration curve for the deter- 
mination of bromine was made from the Z=,/Zse intensity ratio and bromine content for standards. 
Bromine contents in samples were calculated from this curve. 

Activation Analysis 

As Menon’ has pointed out that the non-destructive activation analysis of bromine in soil is 
sometimes interfered with by lanthanum, the destructive method of activation analysis was used in 
this work. 

Apparatus 

Reactor andirradiation. KUR Kyoto University Reactor (swimming-pool type 1 MW); 5 x 10la 
n.cm-a. set-‘. 

Gamma spectrometer. Hitachi RAH-403 400-channel analyser, with 3.5 x 2.5 cm sodium iodide 
crystal. 

Procedure 

About 0.1 g of dried sample was wrapped in polyethylene film for irradiation. A definite volume 
of ammonium bromide and ammonium chloride standard solution was taken and absorbed on filter 
paper (Toyo No. 5c, 2 x 2cm) to make a standard containing 5OOpg of chloride and 50,~~g of 
bromide. The paper was dried under an infrared lamp and then wrapped with polyethylene film for 
irradiation. The samples and standards were irradiated with thermal neutrons for 30 min. 

Carrier (sodium chloride, 100 mg) was added to the irradiated samples and standards which were 
then decomposed and distilled with a mixture of sulphuric and nitric acids. The distillates were ab- 
sorbed in cooled 5N sodium hydroxide. The solution was made weakly acidic by addition of nitric 
acid to drive off the carbon dioxide. Silver bromide and chloride were co-precipitated from the solu- 
tion by addition of excess of 0*1&f silver nitrate. The precipitate was centrifuged and washed 
thoroughly twice with water, the washings being discarded. Then the precipitate was transferred to 
a weighed counting tray. It was dried under an infrared lamp and weighed to determine the 
chemical yield; activity of the 2.15 MeV gamma peak of %!l was measured within 2 hr and that of 
the 0.550 MeV peak of 88Br was measured after 10 or more hours of cooling. Radiochemical purity 
was confirmed by plotting decay curves and gamma spectra. The chlorine and bromine contents were 
calculated by the comparison of the radioactivities of the samples and standards after correction for 
chemicals yields and radioactive decay. 

RESULTS 

A few examples of the X-ray spectra of the different kinds of soils in Japan are 
shown in Fig. 1. The Isahaya and Futsukaichi soils are alluvial soil and the Saitobaru 
and Kawaminami soils are volcanic ash soil. The latter soils are rich in humus and 
distributed widely in Japan. As shown in Table I, l-40 ppm of bromine in soils has 
been reported, but abnormally high bromine accumulation was found in humic 

volcanic ash soils. 
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FIG. I.-X-ray spectra of various soils. 
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TABLE I.-BROMINE CON~FNTS (ppm) IN VARIOUS MATERIALS 

1137 

Lithosphere granite 2 biotite 5 
basalt 8 hornblende 10 
hypersthene 8 leucite 2 
labradorite 20 sodalite 2 
igneous rocks l-9.4 mean 3.1 
sedimentary rocks 1-137 mean 3.9 

Hydrosphere 

Biosphere 

river-water 
sea-water 

soils 
marine muds 
vegetables 
cow’s milk 
human blood 

OGOO6 
65 

l-40 
25-70 

O-5-20 
0.18-0.21 

36-5.8 

The bromine contents in soils sampled from different horizons at Kawaminami 
were determined by X-ray fluorescence. and activation analysis. The results from the 
two methods were in good agreement, as shown in Table II. There appears to be a 
correlation between bromine and carbon levels in soil but none between chlorine 
and bromine. 

TABLE II.-BROMINE, CHLORINE AND CARBON CONTENTS IN VARIOUS HORIZONS OF 
KAWAMINAMI SOIL 

Horizon, cm 

Carbon, % 
Tyurin 
method 

Bromine, ppm 
X-ray 

fluorescence Activation 
analysis analysis 

Chlorine, ppm 
Activation 

analysis 

O-15 5.60 269 261 123 
15-35 2.14 127 132 339 
35-65 17.4 848 852 468 
65-90 1.59 106 113 368 
90- 4,24 325 333 402 

The correlation between carbon and bromine contents in many soils in Japan is 
shown in Fig. 2 together with a regression line for the data on the volcanic ash soils. 
A fairly high correlation was found among volcanic ash soils. The volcanic ash soils 
used as paddy fields contained rather low bromine levels. The low bromine content 
of non-volcanic ash soil is in agreement with previous reports. Peat soils had a high 
level of carbon, but a low level of bromine. 

The X-ray spectra of Kawaminami soil untreated (l), and of the same soil washed 
with water (2), treated with 30 ‘A hydrogen peroxide (3), and washed with water after 
hydrogen peroxide treatment (4) are shown in Fig. 3. Bromine was not removed by 
washing with water, but decreased on washing with water after hydrogen peroxide 
treatment. 

The X-ray spectra of the humus and humic acid obtained from the Kawaminami 
soil are shown in Fig. 4. The former was separated by the treatment of soil with lit4 
hydrofluoric and hydrochloric acids, and the latter was precipitated with sulphuric 
acid from a O-25M sodium hydroxide extract of soil. As shown in Fig. 3 and Fig. 4, 
bromine was present mostly in the humus, especially in humic acid. 
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Carbon, % 

FIG. L-Correlation between bromine and carbon contents of soils. 
+--Volcanic ash soil; fl-volcanic ash sail used as paddy field; O-non-volcanic 

ash soil; A-peat soif. 
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FIG. L-X-ray spectra of soil variously treated. 
(1) Untreated Kawaminami soii; (2) same soil washed with water; (3) same soil 

treated with IS&; (4) same soil treated with E&$3, and then washed with water. 

TabIe III shows the bromine contents of severa kinds of plants. The bromine 
contents of most plants (except carrot treated with a nematocide containing bromine) 
are usually low and agree with the results in previous reports. 

The bromine contents of tobacco plants cultivated in various parts of Japan are 
shown in Table IV. Some of these plants were cuhivated on the hum& volcanic ash 
soils with high bromine contents, but low bromine contents were found in ail these 
samples. This resuit also agreed with previous reports. However, high bromine 
contents were found in all cigarettes, as shown in Table V. 
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FIG. 4.-X-ray spectra of humus and humic acid from Kawaminami soil. 

TABLE III.-BROMINE CONTENTS IN SEVERAL VEGETABLES* 

Vegetable Br, ppm Vegetable Br, ppm 

carrot leavest 615 sweet potato 10 
carrot root 155 egg-plant 10 
radish 20 cabbage 10 
turnip 15 onion 34 
potato 10 tomato 32 

* Determined by X-ray fluorescence analysis. 
7 Treated with nematocide containing bromine. 

TABLE W.-BROMINE CONTENTS IN TOBACCO LEAVES FROM VARIOUS 
DISTRICTS IN JAPAN* 

District 

Fukuoka 
Fukae 
Bungo Takada 
Nozu 
ozu 
Kamimura 
Kamitsuura 

Br, ppm 
28 
26 
10 
17 
24 

(10 
<IO 

District 

Miyazaki 
Osumi 
Kobayashi 
Mikasa 
Kokubu 
Yamagawa 
Chiran 

Br, ppm 

<lO 
17 
16 

<lo 
<lo 

10 
50 

* Determined by X-ray fluorescence analysis. 
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TABLE V.-BROMINE CONTENTS (ppm) IN CIGARETTES, DETERMINED BY X-RAY 
FLUORESCENCE ANALYSIS 

Name I II Name I II 
Rothman 450 - Fuji 235 258 

Winston 

555 
Pall Mall 
Salem 
Kool 
Malboro 
Viceroy 
Ikoi 
Kohaku 

(88) 
140 
128 
100 

1;: 
98 

145 
275 

- 
- Yamato 
- 
- Peace 
- Izumi 
- Hi-lite(L) 

- Shin& 
123 Wakaba 
286 Hibiki 

(2201 
352 

(334) 
298 
200 
162 
168 
182 
178 
160 
120 

2% 
- 
204 
195 
186 
177 
146 
146 
137 
135 

mf 312 262 Hi-lite(S) 
I Obtained in market 

II Obtained 
9 September 1967. 

in market 17 October 1967. 
() Determined by activation analysis. 

166 138 

DISCUSSION 

The X-ray fluorescence analysis of bromine in soil and plant is simpler and easier 
than any other method. The accuracy of this method could not be assessed by means 
of the destructive conventional method, as bromine is highly volatile, but the bromine 
contents in soils were determined by X-ray fluorescence analysis and activation 
analysis, and the results agreed well. 

An abnormal accumulation of bromine, 850 ppm, was found in humic volcanic 
ash soil. The bromine in this soil is supposed to be derived from sea water and brought 
by rain over a very long period, as the occurrence of bromine in most materials in the 
lithosphere and hydrosphere is about 10 ppm; the major exception is sea-water with 
65 ppm. A fairly high correlation between carbon contents and bromine contents in 
volcanic ash soil was found. It was found that bromine occurs in the humic acid of 
soil. The mechanism of this bromine accumulation is geochemically important, 
From the data in previous reports, 2 the ratio of chlorine to bromine in rocks, sea- 
water and river-water can be calculated to be about lO-50,300 and 1400 respectively. 
If the chlorine and bromine in river-water are derived from rocks and sea-water (uiu 
rain}, the ratio of chlorine to bromine in river-water should be much smaller than it is. 
This suggests that chlorine and bromine in soil behave differently, and that bromine 
may be more active than chlorine in the biosphere. The accumulation of bromine in 
the humus of soil may explain the large river-water ratio. 

The bromine content of plants, even those cultivated on volcanic ash soil with high 
bromine contents, is usually at the 10 ppm level, but Stelmach* and Brown@ have 
shown that some crops contain bromine which may be derived from nematocides. 

Tobacco plants contain the normal amount of bromine but considerably more 
is found in cigarettes, which may be contaminated by methyl bromide used as a 
fumigant during processing after harvest. It seems that the application of agricultural 
chemicals sometimes gives rise to a~umulation of bromine in agricultural products. 
Further research on this problem is necessary from the hygienic point of view. 

Acknowledgements-The author is indebted to Dr. M. Tamai, Mr. K. Yuita and Mr. Y. Kuba for 
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Occurrence of bromine in plants and soil 

Zusammenfassung-Der Nutzen der Rijntgenfluoreszenzanalyse zur 
Bestimmung von Brom in Boden und Pllanzen wird durdh Vergleich 
der Ergebnisse mit denen der Aktivierungsanalyse demonstriert. Es 
wurde eine abnormale Anreicherung von Brom in einigen Boden, 
Ptlanzen und Zigaretten gefunden. Vulkanischer Aschenboden reic- 
hert Brom in seiner Huminslure an. Das grol3e Chlor: Brom Ver- 
halt nis in FluBwasser kann durch die Anreicherung von Brom im 
Bodenhumus erkllrt werden. Auf die Moglichkeit des Auftretens 
von Bromin Nahrungsmitteln und Zigaretten durch die Verwen- 
dung von Agrikulturchemikalien wird hingewiesen. 

Rbtun&-On demontre l’utilite de l’analyse par fluorescence aux 
rayons X pour le dosage du brome darts le sol et les plantes en comparant 
les resultats a cew obtenus par analyse par activation. On a trouve 
une accumulation anormale de brome dans quelques sols, plantes et 
cigarettes. Le sol de cendres volcaniques accumule le brome dans 
son acide humique. On peut expliquer le rapport &eve du chlore 
au brome dans l’eau de riviere par l’accumulation du brome dans 
l’humus du sol. On fait ressortir la possibilite de contamination par 
le brome des aliments et cigarettes due a l’application de produits 
chimiques agricoles. 
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Summary-A method is described for the determination of carbon and 
oxygen in organic materials by means of the reactions "C(y, n)% and 
lBO(y, n)160. Samples are irradiated with bremsstrahlung from a 
32-MeV electron beam impinging on a tungsten target, and the active 
products are separated before the positron annihilation gamma rays 
are counted. Limits of detection of 0.003 ,ug of carbon and 0.1 /Ig of 
oxygen are obtained. 

THERE is considerable interest at the present time in the metallurgical properties of 
pure metals and ceramics, because it is only by having a thorough understanding of 
the causes of embrittlement that the properties of materials can be altered and fabri- 
cation costs reduced. It is generally accepted that non-metallic impurities such as 
carbon, nitrogen and oxygen, which occupy interstitial sites in the lattice, can have a 
marked influence on metallurgical properties even when only minute traces are 
present, and it has become necessary to devise very sensitive methods for their 
determination. 

The standard method for the determination of carbon involves the combustion 
of the sample in pure oxygen, chemical processing to remove sulphur dioxide and 
water, and assay of the carbon dioxide in the gas stream by one of the following 
methods: gravimetry after absorption in soda-lime, manometry after freezing out 
in liquid oxygen, or conductimetry after absorption in barium hydroxide. In spite 
of meticulous precautions there is always a small variable blank due to carbon in the 
oxygen stream or the furnace boat, or diffusion through the walls of the apparatus. 
Furthermore it is impossible to guarantee that the specimen will remain uncontam- 
inated during transfer into the furnace following preparation or cleaning. 

Many materials, including high-alloy steels and ceramic materials, require a flux 
to assist in dissolution and oxidation and the flux will inevitably contribute to the 
blank. 

Some of the limitations described above also apply to the standard method of 
measuring oxygen in metals by vacuum fusion or inert gas fusion. Oxygen is usually 
measured manometrically as carbon dioxide after oxidation of the carbon monoxide 
which is evolved from the sample in a graphite crucible at a high temperature. Small 
variable blanks from the apparatus and the flux again limit the ultimate usefulness of 
the method. 

Activation analysis has the advantage that apparatus and reagent blanks are 
eliminated and offers the further advantage that a specimen can be cleaned or etched 
between irradiation and measurement, thus allowing the analyst to investigate the 
nature of the surface and whether or not it is typical of the bulk of the sample. Un- 
fortunately, in this field, there are no suitable thermal neutron reactions and the only 
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fast neutron reaction of value is laO(n, p)16N(tt 7.35 set), This reaction has been 
used by many workers and is very useful for non-destructive determination of oxygen 
in many matrices. However, it is not particularly sensitive when currently available 
neutron sources are used, and the half-life of the product is inconveniently short. 

The only other activating radiations which are sufficiently penetrating to be used 
on large samples are gamma photons, which will produce nuclear reactions of the 
type *Z(y, n)*-lZ. An intense beam of gamma photons is required, having an 
energy in excess of the threshold energy of the required reaction. No known nuclear 
disintegration provides such energetic photons, but they can be produced by stopping 
charged particles of the required energy, a process known as “bremsstrahlung” 
production. The most efficient conversion of energy into bremsstrahlung radiation 
occurs when a light particle is stopped in a heavy absorber, and this is realized 
physically by causing a beam of energetic electrons from an accelerator to impinge on 
a target or “radiator” of platinum, gold or tungsten. 

Several workers have reported the use of the reactions “C(y, n)l%‘(t, 20.3 min) 
and lBO(y, n)lsO(b, 2.1 min) for the determination of carbon and oxygen respectively 
by counting the sample after irradiation and resolving the decay curve into its com- 
ponents. l-4 Engelmanr? has given a detailed assessment of the value of varying the 
energy of the activating gamma rays. These methods are subject to interferences 
caused by activation of other impurities which give rise to short-lived positron 
emitting products such as nitrogen, copper, chlorine, or by activation of the matrix 
itself, e.g., molybdenum, tungsten, iron. 

These interferences can be eliminated by chemical separation of the required 
element and it is this particular aspect which is described in this paper. 

A similar method for the determination of carbon in pure iron has recently been 
described by Revel et aL6 

EXPERIMENTAL 

The accelerator andphoton irradiation facility 
The electron linear accelerator at A.E.R.E. is an integral part of the neutron booster project 

and its principal function is to provide nanosecond pulses of electrons of up to 40 MeV energy. The 
electron beam normally terminates in a mercury target within the aa6U core of the booster but for 
the present work it is deflected by a d.c. magnet and emerges from the evacuated region of the ac- 
celerator through an air-cooled alu~nium window. In order to minimize the possibility of a 
catastrophic fracture of this window the beam current is limited to 30 ,oA. The electron beam 
traverses a small air gap and impinges on a 3-mm thick tungsten target and the bremsstrahlung of 
photons is produced from this point. Behind the tungsten target is a device for the electrical mon- 
itoring of the beam current, and a void into which samples can be introduced by a pneumatic transfer 
system. The whole of the sample volume is permeated with gamma photons. 

Samples can be loaded at any time, and the irradiation is carried out by energizing the deflecting 
magnet so that the electron beam falls on the target. It is usual to run the accelerator at 32 MeV 
with a current of 5-10 QA for a period of time roughly equal to one half-life of the isotope required. 
Immediately after the end of the irradiation the sample is recovered, placed in a lead carrying pot 
with remote-handling tongs, and transferred to the processing laboratory. 

Most of the electron current in the accelerator is tightly focussed but there is of course a small 
spatial scatter. It is sensibly monoenergetic but owing to imperfections in design and adjustment, 
made worse by the use of relatively long pulses, there is a small energy spread, perhaps 10%. The 
beam which arrives at the irradiation position is not circular. In the vertical plane most of the current 
is confined to a beam about 2.5 mm thick, but in the horizontal plane a fan of energies is produced 
by the detkxting magnet, which also acts as an analysing magnet. The irradiation assembly is 
placed so that the tungsten radiator is symmetrical with respect to the beam and a narrow range of 
energy is converted into bremsstrahlung. The electron beam either side of the radiator falls on an 
aluminium block and is absorbed, with a comparatively small generation of bremsstrahlung. About 
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one third of the electrons are stopped in the tungsten, the remainder being stopped in the current 
monitor before reaching the sample, and a bremsstrahlung beam is produced within a small solid 
angle in the forward direction. 

Arrangement of samples in the photonjux 
The distribution of the photon flux is far from homogeneous and shows evidence of the horizontal 

spread of the electron beam. However, if the samples are limited to dimensions of a few mm the 
flux varies by only 20% from one edge to the other. In the axial direction the flux diminishes with 
distance from the radiator and is attenuated by the material in the sample chamber. 

An aluminium cylinder with a recess drilled into it is used as a sample holder. It has been found 
convenient to use samples 6 mm in diameter with thin standards of the same size placed either side. 
If more than one sample is to be irradiated then standards are placed between each sample and at 
the front and back of the whole assembly. Larger and irregular samples can also be accommodated 
but the best arrangement of sample and standards in the beam must be decided for each specimen. 
For calculation of results the sample is compared with the standards between which it was sandwiched. 
These may differ in specific activity by up to 20%, depending on the thickness of the sample, and a 
mean specific activity is taken. In the case. of thrck samples of high atomic number the attenuation 
may be as much as 40 % and a geometric mean activity would be more applicable. 

Sample preparation 

Samples should either be machined to the correct size or fabricated from powder or turnings by 
compression in a die. In either case precautions must be taken against contamination. After shaping, 
the samples are handled only with stainless steel forceps in clean surroundings. When carbon 
is to be determined, paper, plastic, grease, oils, and alkalis which can absorb dioxide from the air 
must be carefully excluded. The samples are washed first in acid, then in water, degreased in ether 
and thoroughly -air-dired. They are ihen individually wrapped in small pieces-of aluminium foil, 
which have been deereased in ether, before loadine into the sarnnle holder. The standards are also 
wrapped in thin alu&nium foil to avoid small fragments of the ltandard contaminating the interior 
of the sample holder. 

Radiochemistry 

In spite of careful handling there is always the possibility of external contamination. In the case 
of materials such as ceramic calcium oxide it is certain that the surface will have absorbed atmospheric 
carbon dioxide and it would be desirable to remove this layer before analysis. 
washed or etched and then re-weighed. 

Samples are therefore 
The weight loss due to this operation is usually only a few 

mg and the operation can be carried out in a few min, certainly in a time which is short compared 
with the half-life of “C, 20.3 min. 

Samples for oxygen determination are etched in acid, in such a way as to remove a reasonable 
amount from the surface in a few seconds only. 

Separation of carbon 

Certainly the quickest and best documented method for the removal of carbon from materials 
in which it may be present as free carbon, carbides, carbonates, organic compounds etc., is total 
combustion in a stream of oxygen, if necessary with a suitable flux. This technique was chosen in 
this work and the precise experimental details are given below. All that is required of the separation 
procedure is that it should extract 100% of the carbon in the sample, a criterion with which one is 
familiar in methods of carbon analysis. Unlike conventional techniques the method of gamma 
activation analysis does not require that any flux which is used should have a low and reproducible 
carbon content. 

Combustion apparatus. The apparatus used for the combustion of samples and the subsequent 
purification and recovery of the carbon is shown in Fie. 1. Furnace A with alumina tube B can be 
operated at temperatures up to 1450”. The sample is placed in a combustion boat C which is intro- 
duced via the removable silica window D and pushed into the hot zone by means of a stainless-steel 
rod. Oxygen gas is introduced through a side-arm, and the pressure is regulated by the level of 
water in the bubbler E. A silica wool plug serves to remove particulate matter from the gas stream, 
which is then passed through manganese dioxide and magnesium perchlorate at F and G to remove 
sulphur dioxide and water. The gas stream then passes through a flow-meter H and finally through 
a solid absorption tube J or the multi-loop trap K which can be cooled in liquid oxygen, before 
being vented to the atmosphere. The remainder of the apparatus is concerned with the measurement 
of the pressure of carbon dioxide and transfer of the gas to the counting vessel L. 

Steels. For the combustion of steels the sample is placed in a fireclay boat which is slid into the 
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OXYGEN I GAMMA 

COUNTER PI---E 
FIG. I.-Apparatus for the separation, collection and measurement of radio-carbon. 

hot zone of the furnace tube and observed through the silica window. The time is recorded at which 
combustion is complete. The furnace temperature is chosen so that combustion is complete in about 
2 min, 1150” for low-alloy steels and up to 1350” for stainless steels. The oxygen flow-rate is 400 
ml/mm and the apparatus is purged for 4 min after the end of combustion to ensure collection of all 
the evolved carbon dioxide. A hot copper oxide furnace to complete the oxidation of carbon mon- 
oxide to dioxide was found to be unnecessary. A flux or accelerator is not normally required although 
certain steels become protected by a thin oxide layer which prevents complete combustion, and in 
these cases a little tin metal, or a few turnings of a mild or low-alloy steel can be added to the boat 
to assist combustion. 

Molybdenum. The combustion of molybdenum requires different conditions. A temperature 
of 1250” is used, and because of the volatility of the oxide it is necessary to take care to keep the 
furnace tube clear of any molybdenum trioxide which has condensed in the cooler regions. A flux 
is unnecessary and may even be a disadvantage. (Molybdenum is more dense than tin or iron and 
has been observed to sink into and be covered with these flux media so that it is incompletely burned.) 

Magnesium oxide. Carbon in magnesium oxide could be present as free carbon, carbide, or 
carbonate, and its complete removal would require the sample to be dissolved at high temperature 
in an oxidising environment. A large platinum boat is used which contains 3 g of ground fused 
borax. The crudely broken up sample of magnesium oxide is scattered on the borax and the boat 
slid into the hot zone of the tube. It was found to be necessary to control the temperature at 1250 k 
20”. Below this temperature the rate of dissolution is too slow for convenience, whereas at higher 
temperatures there is significant volatilization of the borax, which is then found to be distributed 
throughout the hot zone of the furnace, making it difficult to remove the platinum boats and con- 
siderably shortening the life of the furnace tube. Under the conditions outlined complete dissolution 
of the ceramic is achieved in 4 min and a further 2-min purging of the apparatus serves to transfer 
all the evolved carbon dioxide to the trap. This method of dissolution has been applied to ceramic 
calcium oxide and ceramic alumina and would appear to be quite generally applicable to such 
ceramics. 

Separation of oxygen 

Oxygen is extracted from irradiated metal samples by fusion in a graphite crucible in an atmos- 
phere of argon. A small quantity of tin or iron is used as a flux. By contrast to the normal practice 
of inert gas fusion it is not necessary to outgas the furnace or to use a flux which is low in oxygen 
content. 

The fusion apparatus. A conventional inert gas fusion apparatus was used. Argon, which need 
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not be specially purified, is fed through a flow-meter into a silica furnace assembly. The gases leaving 
the furnace pass over hot copper oxide, then iodine pentoxide which ensures complete oxidation of 
carbon monoxide and then through “carbest” which retains carbon dioxide. The furnace consists of 
a graphite crucible heated to 2000’ by an induction heater. Samples are introduced after irradiation 
and fused with a suitable flux for 2 min while the argon is flowing through at a rate of 200 m&tin. 
The carbest tube is then removed and transferred to the counter. 

The provision of accurate and reliable standards is essential for any analytical method. A 
satisfactory standard for this work must have an accurately known content of the element to be 
determined; it should also be the same size and shape as the sampie, self-supporting and strong 
enough to be wrapped in aluminiunl foil without breaking. The particular circumstances of the 
gamma irradiation also require that the material should be chemically stable and infusible up to at 
least 150”. 

Steel turnings are available, the carbon content of which is known with some certainty, and these 
can be pelleted very satisfactorily at pressures of up to 60 kg/mma. The pellets can then be weighed 
and the carbon content calculated. Alternatively, since the apparatus is set up for gas handling and 
manometry, the carbon content can be measured during the processing. This has the advantage 
of being an absolute meas~nlent of carbon in the standard and allows the use of steels of unknown 
carbon content and even of pellets or punchings of unknown weight as standards. However the 
method is tedious and time-consuming. 

A wide variety of organic polymers of known carbon content is available, and they can be 
punched out into disks for use as standards. Thin films from 0.025 to O-25 mm thick were used in order 
to limit the amount of carbon to a few tens of mg SO that the activities were not excessive. None of 
the materials tried was satisfactory. The specific activities induced were always low and variable 
compared with carbon steels and pure graphite. This effect may be due to a loss of active carbon from 
the material during the irradiation, possibly due to the large recoii energy which would break the 
chemical bonds and aflow the active carbon atoms to form volatile molecules. The recoil distance 
for 1X! in organic polymers is too small to account for the loss directly. 

The most satisfactory standard is pure graphite, pelleted into thin disks. Special grades of pelleting 
graphite are available (e.g., Ringsdorff RWA) and as little as IO mg can be formed into a disk 
6 mm in diameter, which is sufficiently robust for the purpose. These standards can be weighed on 
an analytical balance to the necessary precision, and can be counted either unprocessed, in which case 
a small factor must be applied to normalize the counting geometry, or after p&ceasing and absorption 
of the carbon dioxide on carbest. It is usual to process and count all the samnles first. and then to 
count the standards perhaps 1-2 hr after irradiation. The activities are still adequate after 3-6 
half-lives and the half-life is known with sufficient precision for decay corrections to be made. 

Reagent-grade boric acid can be pressed into 6 mm disks in a steel die to form satisfactorv 
standards fez oxygen; they can be made with a weight of IO mg or less and contain 78% oxygen by 
weight. The decay curve of the standards can be resolved into three components, a 2-min half- 
life (l&O), a 10”min half-life [due to the reaction 160(y, t) lsNJ and a 20-min half-life [rflO(y, nc$K] 

l*C and IsO decay by positron emission. 
of counting is to detect the pair of spatially 

There are no gamma rays. The most convenient method 
opposed 

annihilation of a positron with an electron. 
coincident gamma rays which result from the 

These O+l-MeV gamma rays are counted with an 
NaI(T1) crystal but a wide variety of counting geometries and pulse detection systems is available. 

There are many reports in the literature, of coincidence counters being used for positrons. They 
have two very important advantages; first they are specific for gamma sources which give pairs of 
coincident gamma rays which are spatially opposed, and secondly, because of this, the background 
count-rates can be very low. A gain in specificity can also be achieved by using pulse- 
height analysis to restrict the counter response to a region around 051 MeV. Some workers have 
used a combination of both of these methods, but in this work the activities present in the source 
are known and these counting systems may be forfeiting sensitivity for the sake of specificity which 
is not required. The real criterion should be the limit of detection, which is governed by the “‘figure 
of merit”, E/d3 where E is the counting efficiency and B is the back~ound, 

Various detector arrangements were tested for counting efficiency and background, e.g., large 
and smaI1 crystals, well-crystals, a sing&channel analyser and a y--‘-1’ coincidence counter. The best 
performance was obtained with a 38 x 38 mm well-crystal used as a gross gamma-counter and this 
arrangement was adopted for a11 counting. 
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Scaling and timing 

A counting assembly has been developed which comprises four 38 x 38 mm well-type NaI 
scintillators, each in its own castle and with its Harwell2000 series electronics. Type 2179 scintillation 
adaptors feed type 2113 access scalers which are interrogated via a type 2223 paper tape controller. 
At the end of each counting period, for example 20,40, 100 or 200 set, the readout cycle is initiated, 
and clock time, counting period, and the counts recorded by each scaler are punched on &hole 
paper tape. The scalers are automatically reset and the operation is repeated. The four samples or 
standards are counted simultaneously with very little loss of data from the short-lived components of 
the decay. The paper tape is fed into an IBM 360/65 computer and the data reduced to the initial 
count-rates of the specified components of each decay curve. 

Calculation 

The mean specific activity induced in the sample is the arithmetic mean of the specific activities 
in the two standards immediately adjacent to it, 

The specific activity is given by 
A = t(CW, -t G/W,) 

and the concentration of the element being determined is 

C&4 x W, 

where C is the normalized count-rate from the computer program, W is the weight, and the sub- 
scripts 1, 2 and s refer to the two standards and the sample respectively. 

DISCUSSION 

Radiochemical yield of carbon 

It is assumed that the radiochemical yield of active carbon is 100x, i.e., the active 
carbon present in the sample after irradiation is quantitatively transferred to the 
counting vessel. There is no doubt that this is the case for carbon in steels when the 
evolved carbon dioxide is collected in a multi-loop trap cooled in liquid oxygen. 

This is the standard method used today for carbon in steel and the present ap- 
paratus used with a manometric finish gave results for B.C.S. steels in excellent 
agreement with the published figures. There can be little doubt also that carbon is 
completely released from molybdenum and other materials which form volatile oxides 
on burning in oxygen. In the case of ceramic materials, there is no reason to doubt 
that the carbon is completely released as carbon dioxide or monoxide provided that 
the sample forms a homogeneous melt with the flux. This is achieved under the 
conditions specified. Good yields were obtained from crystalline calcite (see Table I). 

TABLE L-RECOVERY OF CO, FROM CALCITE IN A BORAX FLUX 

Calcite, mg Carbon found, mg Recovery, % 

4.2 0.52 102 
1.6 0.20 105 

19.6 2.37 101 
5.7 0.69 101.5 
0.8 0.13 13.5 

There was a small variable apparatus blank which has not been subtracted. 

In the present work carbon dioxide is absorbed directly on carbest. The radio- 
chemical recovery of this method has been checked by measurements on analysed 
samples and also by counting the same sample in the gas phase and absorbed on 
carbest. Samples of active carbon dioxide were put into the glass counting vessel and 
counted, and then transferred back into the multi-loop trap. The glass counting 
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vessel was then replaced by a carbest tube. The carbon dioxide was allowed to 
sublime and was carried through the system by a stream of argon into the carbest 
which was then transferred to a glass counting vessel and counted in the well-crystal. 
After allowance for the slight change in counting geometry and the decay, the ob- 
served activities were always identical. 

Radiochemical yield of oxygen 

It is very difficult to establish beyond any doubt that the yield of oxygen is 100 %, 
but the method is likely to be as good as or better than inert gas fusion used in a 
conventional way with a manometric finish. There are two features of the method 
which give a distinct advantage. First it is not affected by blanks and therefore a flux 
can be used which contains oxygen to act as a carrier, and secondly there is no reason 
why the furnace should not be operated at extremely high temperatures with conse- 
quent serious outgassing which is normally unacceptable. 

Radiochemical purity of sources 

The radiochemical purity of carbon is established by examining the decay curve. 
Sources are also checked by gamma spectrometry and shown to emit only positron 
annihilation radiation at 0.51 MeV. Although this is not exclusive proof of radio- 
chemical identity it is unlikely that any significant quantity of another nuclide is 
present. 

Sources of oxygen activity are rarely pure, and a longer-lived component (usually 
llC) appears after several half-lives decay. The data are always analysed on a 
computer to give a best least-squares fit for two components with half-lives 2-l min 
and 20.3 min. 

Interferences 

The radioactivity which is finally counted should be due only to a particular 
nuclide in an amount proportional to the concentration of impurity present. It is 
possible that the final source can contain the correct nuclide derived by an incorrect 
route, or the wrong nuclide. Both of these situations are described as interferences, 
the former nuclear, the latter chemical. 

Nuclear interferences. It is convenient to illustrate nuclear interference with 
respect to carbon. The method relies on the nuclear reaction r2C(y, n)W but the 
same active product can be obtained in other ways, for example, 160(y, cm)%!, 
llB(p, n)W, lOB(p, y)l’C, 14N(p, a)W. 

The proton reactions can only occur as secondary reactions and are unlikely to 
become significant even in a matrix rich in boron or nitrogen; they can therefore be 
ignored. The (y, na) reaction is much more important and is a serious interference in 
oxygen-rich materials. 

The cross-sections for the gamma reactions are energy-dependent, the reaction 
12C(y, n)W having a threshold at 18.7 MeV and a peak at about 21.5 MeV, whereas 
the interfering reaction lsO(y, na)W has a threshold of 25.8 MeV and the cross- 
section is comparable to that of the (y, n) reaction at 30 MeV. This interference can 
be eliminated by reducing the energy of the beam below the threshold for the (7, na) 
reaction, but this affects the sensitivity of the determination, as the following con- 
siderations will show. 
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Cross-sections cannot be considered in isolation but must be compared with the 
gamma-photon energy spectrum of the bremsstrahlung. The degree of activation 
induced will be a function of the product of elements of flux and cross-section inte- 
grated over the range of energies from the threshold to the maximum energy of the 
electron beam, and the value of this function increases rapidly with electron energy. 
Some experimental data have been reported by Engelmann.3z5*7 The activation will 
also be proportional to the mean current in the electron beam, which diminishes with 
increasing energy. 

The selection of electron beam energy must therefore be a compromise among the 
conflicting requirements of overlap of cross-section and bremsstrahlung energy 
spectrum, current in the electron beam, and elimination of interferences. Whenever 
possible an energy of 32 MeV is used to achieve the maximum sensitivity but under 
these conditions a ceramic material which contains 40% of oxygen will appear to 
contain 0.2% of carbon by virtue of the (y, nc+ interference. The interference is 
eliminated by reducing the energy of the electron beam to 25 MeV but there is a 
tenfold loss in sensitivity. 

Chemical interference. In spite of the fact that in most cases the decay curve of a 
source prepared from an analysis for carbon showed the half-life to be 20.3 min, 
there is always the possibility that some unsuspected nuclide has contaminated the 
final source. For this reason all possible nuclides were considered and purification 
steps included to remove them. Only volatile elements or compounds need be con- 
sidered, because there are sufficient filters in the form of silica wool and solid reagents 
to remove particulate matter. 150 will be diluted by the oxygen and is vented to the 
atmosphere. In any case the half-life is so short that no significant activity will 
remain at the time of counting. Water is removed on the desiccant, and sulphur 
compounds are removed on the manganese dioxide. The only activity which has 
been observed as a contaminant is l*F, which arose from a sample of teflon. Normally 
small quantities of fluorine would react with the walls of the hot alumina furnace 
tube, but if this proves inadequate a furnace packed with alumina or magnesia 
removes fluorine compounds satisfactorily. 

In the case of oxygen the sources are not pure and a 2-min half-life lsO component 
is resolved from the decay curve. The only interferences will be due to other isotopes 
having half-lives very close to 2 min; 30P(tt 2.6 min) is the only one which need be 
considered, but any elemental phosphorus formed in the graphite furnace will not 
pass through hot copper oxide. 

CONCLUSIONS 

It is difficult to prove that a new analytical method gives correct figures because 
there is inevitably a shortage of analysed material at a suitable concentration level. 
This is particularly true in the case of oxygen as a trace impurity but it is safe to assume 
that B.C.S. steels have carbon contents which are known with certainty. Table II 
shows that the method gives excellent agreement with certificate figures over a wide 
range of concentration. At lower levels replicate analyses on samples of zone-refined 
molybdenum are very reassuring (Table III). 

The ultimate sensitivity of the method is determined by the minimum quantity of 
radioactive product which can be detected, and this in turn is related to the efficiency 
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TABIE IL-THE DETERMINATION OF CARBON IN B.C.S. STEELS 

B.C.S. 
steel 

Certificate value, Gamma activation values, 
% % 

291 0.47 0.46 
265 0.047 0~043,0048,0+)48,0@I7 
292 0.070 0.068, 0.067 
21812 0.160 0.152 
241/l 0.85 0.85,0*87 

TABLE III.-THE DETERMINATION OF CARBON IN HIGH PURITY MOLYBDENUM 

Sample Found, ppm 

E 0.5 f 0.05, 0.4 * 0.05 
M 0.6 f 0.1, 0.5 It 0.05 
H 0.4 & 0.1, 0.25 f 0.1 

The error figures are based on the standard deviation of the counting statistics. 

and background count-rate of the detector and to the specific activity of the required 
element at the time of counting. 

In the case of carbon, the specific activity is 2000 c/min/pg 10 min after the end of 
the irradiation and the counter background is 140 c/min. If counting proceeds for 
one half-life and the background is known with great certainty, then twice the standard 
deviation of the background count can be shown to correspond to O-003 ,ug of carbon. 
In the case of oxygen the lo-min delay before counting is a more severe penalty and 
the specific activity is usually 300 c/min/pg. The limit of detection is therefore about 
o-1 pg. 

The method can be applied to the determination of carbon and oxygen with great 
specificity and sensitivity in almost any inorganic substance. A limit of detection of 
less than 1 ppm can be achieved on samples of only 100 mg and it is possible to etch 
or abrade the surface of the sample, to eliminate surface effects, between irradiation 
and counting. 

Zusammenfassnng-Ein Verfabren zur Bestimmung von Kohlenstoff 
und Sauerstoff in anorganischem Material mit Hilfe der Reaktionen 
l”C(y, n)“C und l”O(y, ,)I60 wird beschrieben. Die Proben werden mit 
Bremstrahlung von einem auf ein Wolframtarget fallenden 32 MeV- 
Elektronenstrahl bestrahlt und die aktiven Produkte abgetrennt, ehe 
die gammaquanten aus der Positronenzerstrahlung geziihlt werden. 
Man erhllt Nachweisgrenzen von 0,003 ,~g Kohlenstoff und 0,l pg 
Sauerstoff. 

R&&--On dc!crit une methode pour la determination du carbone et de 
l’oxygene dans des substances inorganiques au moyen des reactions 
laC (7, n)llC et 160(y,n)1s0. Les echantillons sont irradies avec le 
“bremsstrahlung” dun faisceau d’dlectrons de 32 MeV frappant sur une 
cible en tungstene, et l’on &pare les produits actifs avant de compter 
les rayons gamma d’annihilation de positron. On obtient des limites de 
detection de 0,003 ,ug de carbone et 0,l yg d’oxygene. 
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Summary-Four elements, vanadium, chromium, manganese and iron, 
have been determined in nickel-base samples after measurement of 
the intensity of two y-lines; the 0.85-MeV y-ray emitted by 66Mn 
(produced from both Mn and Fe), and the 1*44-MeV y-ray from Y 
(arising from V and Cr). The two elements contributing to each 
y-peak were assayed separately from data obtained by irradiating each 
sample twice with neutrons of different energy distributions. 

ACCELERATOR neutron sources have found application in neutron-activation analysis 
either when nuclear reactors have been inaccessible, or when fission neutrons have 
been incapable of inducing suitable nuclear reactions in the element to be determined. 
In particular, neutron generators producing 1PMeV neutrons by the reaction 

3H + 2H + 4He + ln + 17.6 MeV (1) 

have received considerable attention, as high neutron outputs can be obtained at 
relatively low accelerating voltages of 100-150 kV. Highly endoergic reactions can 
take place with 14MeV neutrons and a number have proved to be of considerable 
analytical importance (e.g., leO(n, p)laN) but nuclear interferences frequently occur 
between near-neighbours in the periodic table as the same radionuclide may be 
formed from more than one target element. These nuclear interferences often impose 
major limitation on the usefulness of fast-neutron activation analysis, particularly 
when the interfering elements cannot be determined separately and in certain cases 
only the sum of the required activity and that from interferences can be assayed. 

Fast neutrons from a neutron generator employing the D-T reaction [equation 
(l)], together with the slow neutron component formed by moderation of the fast 
flux in the generator and surrounding materials, may induce (n, p), (n, a), (n, 2n), 
(n, n’) and (n, y) reactions. Thus the nuclide zAM, where A represents mass number 
and Z the nuclear charge, may be formed by the following routes: 

*JlM(n, 2n) zAM (2) 

*;lM(n, 14 z*M (3) 

s*M(n, n’) zAM (4) 

&N(n, P) zAM (5) 

$ziO(n, a) zAM (6) 
There is no change of atomic number in reactions (2), (3) and (4) and therefore 

these reactions will all serve to reinforce the contribution of zAM formed from element 
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M. Consequently zAM may be produced from three source elements M, N and 0 
and the intensity of the characteristic radiation from zAM will thus be made up of 
contributions from all three if these are present in the sample in appreciable quantities. 
This may be written 

Cr = s3r w,, -I- SN w, + Sow, (7) 

where Cr is the total count of the radiation from zAM (say measured over a y-ray 

peak), S, is the specific activity of the sample derived from element X in counts/g 
under a given set of irradiation and counting conditions and W, is the weight of 
element X in the sample. The mode of decay of the radionu~lide xAM is independent 
of its method of formation and therefore provides no means of assessing the propor- 
tion of the yields derived from different target nuclei, but the specific activity S, is 
not only characteristic of element X but is also a function of neutron energy. It has 

already been shown1 that if the neutron energy is chosen carefully from a knowledge 
of reaction thresholds and Coulomb-barrier restrictions, interferences in fast-neutron 
activation analysis can be subs~ntialIy reduced. An accelerator capable of functioning 
as a versatile neutron source and producing neutrons of various preselected energies 
must necessarily be more complex and expensive than a simple 14MeV neutron 
generator, but an alternative method of obtaining neutrons with an energy of less 
than 14 MeV would be to reduce the energy of the neutrons from the generator by 
moderation. Neutrons with more than one energy distribution could therefore be 
used to irradiate the sample and equation (7) would then be rewritten 

C,A = s,* w, + s,* w, + s,* wo (7A) 
where the superscript A is used to distinguish the different conditions available for 
irradiation of the sample. 

Thus three irradiations at different neutron energies would yield data for three 
simul~neous equations of the form of equation (7A) which could be solved for 
W,, W, and W. once values for the specific activity constants had been found from 
standards. For solution of these equations it is clearly important that the product 
Sx W, should be significant when compared with C, in at least one of the equations 
for each element. 

A multiple irra~ation procedure will clearly take longer to complete than acti- 
vation analysis involving a single irradiation and counting cycle but the time penalty 
may not be severe if the additional irradiation and counting periods are kept short 
and provide extra useful information. Insertion of moderator between neutron- 
emitting target and sample will reduce the flux through the sample but in certain 
cases the relative changes in specific activity which occur in moving the sample to 
the lower flux positions may reduce masking of small quantities of activity from 
one element by large quantities from another. 

As an example of the application of the technique we describe here the deter- 
mination of four elements, vanadium, chromium, manganese and iron, in nickel-base 
samples by measurement of the yields of two radionuclides manganese-56 and 
vanadium-52. 

EXPERIMENTAL 
Neutron generatop. The installation used in this work was based on a seaIed-tube unit with a 

maximum neutron output of 10’” n/set totai (Elliott Electronic Tubes Ltd.). The system, which has 
been described in detail elsewhere,* was capable of controlling irradiation, cooling and counting 
times, flux monitor operation etc. 
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Preparation for irradiation 

Samples were in the form of powder or turnings and were always pressed into cylinders with a 
30-ton hydraulic press before irradiation, to ensure constant geometry and to avoid errors due to 
compacting during transfer. Dies were manufactured so that the pressed samples were of the correct 
diameter to fit into the standard polyethylene capsules used with the generator; the thickness of the 
compacted samples was controlled by pressing a measured weight of material. 

Standards were made up to have a composition which was as similar to that of the samples as 
possible. Known quantities of the elements to be determined were added to nickel powder and 
carefully agitated in a special mixer before pressing. 

y-Ray spectroscopy. A 3 x 3 in. thallium-activated sodium iodide scintillator was used in con- 
junction with a 512-channel pulse-height analyser for y-ray spectrometry. Data manipulation and 
calculation was carried out in a laboratory data processor. 

RESULTS AND DISCUSSION 

The products of the (n, p), ( n, a), (n, 2n) and (n, r) reactions with the most 
abundant isotopes of vanadium, chromium, manganese and iron are shown in Table 
I together with cross-sections for the production of the isotopes and the half-lives 
and y-ray energies of the products. The cross-sections for the (n, p), (n, m) and 
(n, 2n) reactions are for neutrons with an energy of En = 14 MeV;3 capture 
cross-sections apply to thermal neutrons. 

The difficulty of determining the elements listed in Table I in the presence of 
each other is immediately apparent. Chromium can be determined by the reaction 
%!r(n, P)~~V but vanadium and manganese interfere by the (n, 7) and (n, a) reactions 
respectively, while the (n, r) reaction on manganese interferes with the determination 
of iron by the (n, p) reaction. The reactions of cobalt are not included in Table I 
as the quantity of this element in the samples was known to be below the level that 
could be detected with the neutron generator, but at higher concentrations the pre- 
sence of cobalt would interfere with iron and manganese determinations by the 
production of 56Mn by the reaction 59Co(n, a)56Mn. 

Vanadium in the sample could be separately assayed from the intensity of the 
0.32-MeV 61Ti peak provided that the yield of low-energy y-rays and Compton 
background was not high in the same region of the y-spectrum, but for samples with 
high chromium content, allowance would be necessary for the 0.32-MeV contribution 

TABLE L-REACTIONS OF GENERATOR NEUTRONS WITH MOST ABUNDANT ISOTOPES OF VANADIUM, 
CHROMIUM, MANGANESE AND IRON 

Abundance, Cross-section, Half-life Er of product, 
Element % Reaction mbarns of product MeV 

Vanadium 99.76 61V(n, p)51Ti 27.0 5.8 min 0.32 
61V(n, u)%c 28.6 44 hr 0.99 
61V(n, 2r@W - Long 
W(n, r)? 4500 3.76 min 1G 

Chromium 83.76 Wr(n, p)“W 78 3.76 min 144 
Wr(n a)40Ti - - 
Wr(n: 2n)Wr 

Stable 
285 27.8 d 0.32 

%r(n, y)Wr - Stable - 
Manganese 100.0 65Mn(n, p)Wr 75 3.5 min no Y 

6SMn(n, @*V 30 3.76 min 144 
S5Mn(n, 2n)64Mn 825 303 d 0.84 
65Mn(n, y)SsMn 13,300 256 hr 0.85, 1.81, 2-l 

Iron 91.68 6BFe(n, p)68Mn 103 2.56 hr 0.85, 1.81, 2.1 
66Fe(n, Cr)Wr 

00 
Stable - 

&OFe(n, 2n)55Fe 2.7 yr no Y 
66Fe(n, y)57Fe - Stable - 
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Moderator thickness, cm 

FIG. 1. Relative variation of neutron flux with distance from neutron-emitting target. 

of %!r produced by the reaction 52Cr(n, 2n)51Cr. However, the multiple irradiation 
technique described here permitted vanadium to be determined from the combined 
vanadium and chromium contributions at 1.44 MeV. 

The absence of cobalt from the samples greatly simplifies analytical determination 
since suitable equations can be derived for irradiations carried out in two positions, 
one in which fast-neutron and the other in which thermal-neutron reactions predom- 
inate in the sample. The energy distribution of neutrons in the irradiation position 
will depend on the design of the neutron generator and its surroundings, but Fig. 1 
shows the relative neutron flux at different distances from the neutron-emitting 
target of the sealed-tube generator used for this work. Data were obtained by securing 
monitors to special carriers which controlled the distance of nearest approach of 
the sample to the neutron source; the ordinate gives the counts under the 144-MeV 
y-peak of ssV obtained from different target elements normalized to the same neutron 
dose. Figure 1 shows that the fast flux, as monitored by the reaction 52Cr(n, P)~~V, 
decreases rapidly with distance from the face of the neutron emitting target, but 
the capture reaction 61V(n, Y)“~V is less sensitive to position. Consequently the 
relative yield of the capture to the (n, p) reaction increases with distance, and con- 
ditions for the solution of the equations 

cl? = scr* wc, + sv* w, (8) 

c,u = s crB wc, + svB WV @A) 

are satisfied if the sample is up against the neutron-emitting target in position A and 
in a higher relative thermal flux in position B; C, is the total counts measured over 
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TABLE II.-DIPERMINATIONOP VANADIUM AND CHROMIUM OR MANGANESE ANDIRON 
IN NICKEL-BASE MIXTURES 

Sample 
Vanadium 

Expected, % Found, % 

Chromium 

Expected, % Found, % 

1 5.0 49 150 151 
2 5.0 46 100 10.1 
3 ;:; 51 5.0 5.0 
4 2.7 2.5 2.4 
5 1.0 1.0 1.0 1.0 

cycle (1) TI = 1 mh, TD = i mh, TC = 4 mh 
Cycle (2) Tr = 2 min, TD = 9 mh, Tc = 4 min 

Sample 
MallgiUh% Iron 

Expected, % Found, % Expected, % Found, % 

1 5.0 4.8 10.0 10.0 
2 5.0 4.7 15.0 15.7 
3 25 2.9 2.5 2.4 
4 7.5 75 15.0 14.7 

Cycle (1) TI = 1 min, TD = 30 min, Tc = 10 min 
Cycle (2) TI = 2 min, TD = 30 min, Tc = 10 min 

the 144-MeV peak of vanadium-52. In this work 4.3 cm of hydrogenous moderator 
were placed between sample and neutron-emitting target to obtain irradiation 
position B. This was achieved by the simple expedient of rotating the sample carrier 
through 180”. 

A similar pair of equations to (8) and (8A) can clearly be obtained for manganese 
and iron, based on the measurement of the intensity of y-rays from manganese-56. 

In order to test the reliability of a double irradiation procedure for solving equations 
of the form (8) and @A), samples containing either manganese and iron, or chromium 
and vanadium, in a nickel base were irradiated. The specific activity constants 
required for solution of the equations were found from the irradiation of standards 
consisting of single elements in a nickel matrix. Results obtained are given in Table II 
and can be seen to agree with expected values; also included in Table II are irradiation 

TABLEIII.-DETERMINATION OF VANADIUM, CHROMIUM, MANGANESE AND IRON IN MCKEL-BASE 
SAMPLES 

Sample Vanadium Chromium Manganese Iron 

Expected, Found, Expected, Found, Expected, Found, Expected, Found, 
% % % % % % % % 

S 
T 
U 
V 
W 
X 
Y 
Z 

Cycle (1) 

Cycle (2) 

4.9 5.6 20.8 19.3 

4.1 4.3 26 3.5 3.1 4.9 ;:; 

2.0 2.3 9.5 9.2 
4,7 4.2 1.4 1.4 
3.7 3.6 7.5 7.6 
1.2 1.5 14.2 13.6 
1.3 le.5 17.6 16.6 

TI = 1 min, TD = 4 min, Tc = 4 min 
TD = 30 min, Tc = 10 min 

TI = 2 min, TD = 4 min, TC = 4 min 
TD = 30 min, Tc = 10 min 

4.2 4.7 
2.3 2.9 
l-6 1.6 
3.0 4.1 
1.2 1.2 
2.6 2.8 
2.0 1.4 
3.6 4.0 

3.5 
2.4 

5.4 5.4 

::; 
1.6 
3.4 

2.4 2.7 
58 6.1 
3.9 3.7 
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(Tr), cooling (decay) (Tu) and counting (Tc) times for each irradiation cycle. The 
first of the two irradiations carried out on each sample took place in the lower flux 
position to minimize the residual activity in the sample. The 3*76-min activity of 
vanadium-52 was always allowed to decay before the sample was irradiated for a 
second time but a correction for the longer-lived manganese-56 was often required 
when totalling the counts in the 0*85-MeV y-peak after the second irradiation and 
was calculated from a knowledge of the first count and the time between first and 
second counting periods. 

In order to determine the four adjacent elements vanadium, chromium, manganese 
and iron in the same samples, the procedures for the two pairs of interfering elements 
were combined. Samples were counted twice in each activation cycle, once after 
a cooling time of TD = & min to obtain the 52V count and again, when the short 
lived activity had decayed away, at T, = 30 min to measure the 56Mn activity which 
was usually of lower intensity. 

The manganese and iron concentrations in the sample were calculated first and 
the manganese figure used to apply a correction to the 1*44-MeV y-yield for 62V 
formed from manganese by the reaction 55Mn(n, a)52V. Results obtained are shown 
in Table III, each figure being the mean of determinations carried out on at least 4 
samples of each material and can be seen to show reasonable agreement with the 
values expected. 

Zusammenfassung-Vier Elemente, Vanadium, Chrom, Mangan und 
Eisen wurden in Proben mit Nickel als Hauptbestandteil nach Messung 
der Intensitlt zweier y-Linien bestimmt: der 035 MeV-y-Strahlung 
von 5sMn (aus Mn und Fe) sowie der 1,44 MeV-y-Strahlung von “*V 
(aus V und Cr). Die zu jedem Y-Peak beitragenden zwei Elemente 
wurden einzeln bestimmt an Hand von Daten, die durch zweimaliges 
Bestrahlen jeder Probe mit Neutronen verschiedener Energievertei- 
lungen erhalten wurden. 

R&sum&-On a dose quatre elements, le vanadium, le chrome, le 
manganese et le fer dans des echantillons a base de nickel apres mesure 
de l’intensite de deux raies y: la raie y 0,85 MeV Bmise par le sBMn 
(produit par Mn et Fe) et la raie y 144 MeV du s2V (provenant de V et 
Cr). Les deux elements contribuant a chaque pit y ont Bte determines 
s6parement a partir de don&es obtenues en irradiant chaque echantil- 
lon deux fois avec des neutrons de repartitions d’energie diffkrentes. 
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Summary-Lithium-drifted germanium semiconductor detectors give 
much better resolution than do thallium-activated sodium iodide 
detectors, but much lower sensitivity. They can often advantageously 
be used in conjunction with NaIfll) detectors, to show whether 
corrections must be applied for activities other than the one to be 
measured and to provide the necessary ~omlation for calculation of 
the corrections. 

IN THE early days of activation analysis, post-irradiation radiochemical separations 
were a necessity, since no means of doing gamma-ray spectrometry were available. 
Separated activities were usually beta-counted with a Geiger-Miiller or gas pro- 
portional counter. Such radiochemical separations, greatly developed and applied 
by A. A. Smales and his colleagues at Harwell, are still quite necessary in many 
instances (e.g., Ref. 1). With the advent of the NaI(T1) scintillation detector and the 
single-channel pulse-height analyser, it was found that certain elemental analyses 
could be performed by means of purely instrumental activation analysis, based on 
gamma-ray spectrometry. The subsequent availability of multichannel pulse-height 
analysers greatly advanced the speed and scope of the instrumental form of the 
activation analysis method. Step by step, these m~tichannel analysers were improved, 
from the early 20-channel vacuum-tube discriminator type to the transistorized 
versions, with 100-512 analysis and storage channels. 

By this time, the resolution of the pulse-height analyser was so good that the 
limiting factor was the rather poor resolution of the NaI(T1) detector itself. This 
limited the practical application of the instr~ental activation analysis technique, 
since neutron activation of many kinds of samples of interest-but of complex 
elemental composition- resulted in pulse-height spectra consisting of large numbers 
of photopeaks, of various sizes and of various gamma-ray energies, many of which 
overlapped with one another. This problem has been attacked rather effectively by 
the development of computer programs, for resolving such complex spectra into their 
various radionuclide components, such as those pioneered by the Harwell group, 
especially by Salmon.a 

The most recent advance in the field of gamma-ray spectrometry is, of course, the 
development of the lithium-drifted germanium semiconductor detector, Ge(Li). 
Depending on the size, shape, sensitive depth, type, and the gamma-ray energy, these 
detectors typically exhibit a resolution (FWHM) 10-20 times better than that of even 
a very good standard 75 x 75 mm NaI(T1) detector. Once the resolution of the 
detector became better than that of the available pulse-height analysers, analysers 
with a much larger number of analysis and storage channels were soon developed: 
first with 1024 channels, then 2048, and now 4096 or 8192. The combination of a 
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15 cm3 (10 mm depth) Ge(Li) detector and a 4096-channel analyser, such as is used in 
the authors’ laboratory, completely resolves almost every photopeak found in the 
pulse-height spectra of even very complicated matrices that have been activated with 
neutrons in the reactor. 

Unfortunately,, although the presently-available, rather small Ge(Li) detectors are 
vastly superior to NaI(T1) detectors in energy resolution, they are also far less efficient 
in their detection of gamma-rays-at least at energies greater thana few hundred keV. 
It is the purpose of this paper to emphasize how a high-resolution, but low-efficiency, 
Ge(Li) spectrometer can be frequently used very advantageously as a “pilot” for the 
low-resolution, high-efficiency NaI(T1) spectrometer. A 75 x 75 mm NaI(TI) detector 
is compared with a 15 cm3 Ge(Li) one unless otherwise stated. 

EXAMPLES 

The idea of using a Ge(Li) spectrometer as a pilot for an NaI(T1) spectrometer can 
be described best by first considering a general case, and then by giving some actual 
experimental examples. The general case: a sample is activated and then counted on 
an NaI(Tl) spectrometer, possibly producing a complicated pulse-height spectrum 
(many peaks) or perhaps a rather simple one. One peak appears to be due to the 
induced activity of interest. If the irradiation, decay, and counting times have been 
optimized for detection of an induced activity of that particular half-life, the prob- 
ability that that peak is due to that particular radionuclide is increased. Its identity 
can be checked further by counting at several decay times-to ascertain whether the 
peak is decaying according to the expected half-life-and possibly by looking also for 
other gamma rays (if any) emitted by that particular radionuclide. Unfortunately, 
the additional counting and calculating required to check the half-life is rather time- 
consuming. 

If it is decided that the observed photopeak is due entirely to the radionuclide of 
interest, the amount of the element present can be calculated by comparison with the 
corresponding photopeak of a standard sample of that element, activated and counted 
in an identical fashion. Considering (1) the large number of radionuclide species that 
can be formed to a significant degree, from the various chemical elements, by thermal- 
neutron and fast-neutron reactions, (2) the very large number of different X-ray and 
gamma-ray energies possibly being emitted by an activated sample, and (3) the rather 
poor energy resolution of the NaI(T1) detector, it is apparent that errors can be made. 

A rather extreme, but instructive, example is shown in Fig. 1. This shows the 
spectrum of a small sample of the rare-earth mineral, xenotime, that had been 
activated with neutrons in the reactor, resolved by the NaI(T1) detector and a O-9-cm3 
(3 mm deep) Ge(Li) detector. Starting at the low-energy end of the NaI(T1) spectrum, 
it is seen that there appear to be five broad major photopeaks-of decreasing size 
with increasing gamma-ray energy. However, the Ge(Li) spectrum reveals that only 
one of these NaI(T1) photopeaks is really a single-energy peak-the one at the highest 
energy. Each of the other four NaI(T1) peaks is seen to contain contributions from 
gamma rays of 2,3, or 4 different energies -in each group too close to one another in 
energy to be resolved by the NaI(T1) detector. 

If the only interest lay in analysing the sample for an element of which the induced 
activity emitted gamma rays of one of the energies falling in one of the broad multi- 
component NaI(T1) peaks, an erroneous answer would, of course, be obtained if the 



FIG. 1 .-Ge(Li) pulse-height spectrum of a neutron-activated sample of xenotime. 

40 oo- 

.A d 

z- 
h 
L 

8 

0. 

Id24 

Chanii13 I number 

FIG. 2.-Ge(Li) pulse-height spectrum of a neutron-activated sample of flour containing 8 ppm Br. 
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FIG. 3.-Ge(Li) pulse-height spectrum of a neutron-activated aqueous Br standard. 
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FIG. 4.-Ge(Li) pulse-height speztrum of a neutron-activated sample of flour containing 5 ppm Hg. 
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FIG. 5.-Ge(Li) pulse-height spectrum of a neutron-activated aqueous H,@I) standard. 
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NaI(TI) peak were considered to be due only to that particular radionuclide. In such 
a situation, (1) the use of the NaI(T1) detector could be abandoned, and the calculations 
based on the Ge(Li) spectrum, (2) radiochemical separations could be used to isolate 
the activity of interest, (3) the data could be treated by a computer program that 
includes all possible contributory radionuclides, or (4) the Ge(Li) spectrum could be 
used as a pilot to indicate exactly which specific gamma-ray energies must be included 
in a weighted least-squares fitting of the entire NaI(T1) spectrum or of that region of 
the one broad NaI(TI) peak that includes the gamma ray of interest (in this example, 
it is assumed that the half-lives of the various interfering species are sufficiently close 
to that of the radionuclide of interest for simple decay not to help appreciably in 
solving the problem). The difficulty with resorting entirely to the Ge(Li) detector is 
that the counting efficiencies of such small detectors are very low at the higher gamma- 
ray energies, thus often requiring counting periods of an hour or more to obtain as 
good photopeak counting statistics as could be obtained in minutes with the NaI(T1) 
detector. 

An example of more specific practical interest is the instrumental determination of 
bromine pesticide residues in foodstuffs, by means of activation analysis using thermal 
neutrons. Experience at this laboratory has shown that, with a 30;min activation of a 
05-g sample, at a thermal-neutron flux of 2 x 10” ncm-* se&, followed by a 2-3 
day cooling period before counting on a 75 x 75 mm NaI(T1) gamma-ray spectrom- 
eter, bromine can be detected instrumentally in most foodstuffs via the gamma rays 
of 353&r bromine-82. In untreated samples, the observed bromine levels are usually 
in the O-1-10 ppm range. B In crop materials grown in soil treated with a nematocide, 
e.g., dibromochloropropane,4 and in grains and flour fumigated in storage with 
methyl bromide,5 the bromine levels are frequently in the lO-50ppm range, and 
sometimes higher. The gamma-ray spectrum of bromine-82 is complex, since this 
radionuclide emits gamma rays of eight different energies, in the range from O-5 to 
l-5 MeV: O-554 (66 %), O-619 (41x), O-698 (27 %), 0*777(83 %), @828 (25 %), l-044 
(29 %), l-317 (26x), l-475 (17%).6 Because of their greater abundances and better 
detection efficiencies, the O-554 and/or the O-777 MeV gamma rays are usually used in 
the calculations. However, as can be seen in Heath’s catalogue,’ the O-554 and 
O-619 MeV peaks largely overlap, and the O-698,0-777, and O-828 MeV peaks overlap. 
Furthermore, the two broad composite peaks (with maxima at O-554 and O-777 MeV 
respectively) are not completely resolved from one another. These five peaks essen- 
tially occupy the 05-0~9 MeV region of the spectrum. Therefore, there is always the 
possibility that the region also includes significant contributions from gamma rays 
from other radionuclides. 

As shown in Figs. 2 and 3, this possibility can be readily checked by counting on 
a Ge(Li) spectrometer. In this example, a fumigated flour sample, found to contain 
about 8 ppm bromine, was counted on the NaI(T1) and Ge(Li) detectors. As seen in, 
Fig. 2, the five bromine-82 peaks (0.554-O-828 MeV) show up, completely resolved 
from one another, and no extraneous gamma-ray peaks are observed in the O-5- 
0.9 MeV energy range. Furthermore, comparison with the Ge(Li) spectrum of an 
activated aqueous bromine standard (Fig. 3), reveals that the five peaks have the same 
ratios to one another in both the flour sample and the standard. The bromine-82 
purity of this region of the spectrum having been ascertained, the broad 0*777-MeV 
peak in the NaI(T1) spectra was used to calculate the bromine content of the sample. 
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The mean value obtained on three aliquots, in 30-min counts after l-3 days decay, 
was 8.05 f 0.93 ppm bromine (mean of 6 measurements ranging from 7.09 to 9.15 
ppm). The spread of values was only partially due to counting statistics, since each 
count had a standard deviation equivalent to only about A@15 ppm bromine. In 
order to obtain this good a counting precision with the Ge(Li) detector it is necessary 
to count for 3 times as long if the counts under the three peaks at @698, 0.777 and 
0,828 MeV are combined and for almost 5 times as long if only the O-777 MeV peak is 
employed. The mean value obtained from 14 measurements using separately the 0.554 
and O-777 MeV peaks was 8.02 & 0.54 ppm, in good agreement with the NaI(T1) 
determination. 

A third example is furnished by a recent analysis of a sample of flour containing 
about 5 ppm mercury (from seed grain, treated with a mercurial fungicide). The 
mercury (n, 7) product measured was 65-hr mercury-197. This radionuclide decays by 
electron capture, emitting predominantly 77.6 keV gamma rays and gold K X-rays 
(mostly at 68.8 kev). 6 With an NaI(T1) detector, the 68.8 and 77.6 keV photons 
produce a single slightly broadened photopeak. 7 As can be seen in Figs. 4 and 5 these 
two peaks can be resolved from one another with a Ge(Li) detector. Since the spectral 
region included in the broad NaI(T1) peak (cu. 63-82 keV) might also include some 
contributions from gamma rays of other radionuclides possibly present in the activated 
flour sample, back-scattered radiation from slightly higher-energy gamma rays 
(84-121 keV), and K X-rays from the elements from osmium (Z = 76) to bismuth 
(2 = 83) it was important to check this region with the Ge(Li) detector. It is evident 
from Figs. 4 and 5 that other elements in the flour do not give rise to interference and 
that it is safe to compute the mercury content of the sample by means of a simple 
photopeak area calculation, using the NaI(T1) spectrum. 

Three aliquots of the flour sample, and an aqueous mercury(I1) standard, were 
activated for 30 min in the reactor, at a thermal-neutron flux of l-8 x 1012 n. cm-2. 
se&. Then each was counted for 30 min, twice, on a 75 x 75 mm solid NaI(T1) 
detector after a l-day decay. From the single broad peak attributed to mercury-197, 
the mercury content was calculated to be 5.13 f 0.21 ppm (with a single-count 
standard deviation, due only to counting statistics, of about &O-O6 ppm). The 
samples were also counted once for 30 min under similar conditions on the Ge(Li) 
detector. The mean value from these measurements was 5.13 & 0.15 ppm. The 
precision is actually slightly better, probably fortuitously, than that obtained with the 
NaI(T1) detector. The single-count standard deviation, based only on the counting 
statistics, was equivalent to fO-16 ppm. In the Ge(Li) calculations, only the 77*6-keV 
peak was employed as the basis. If both the 77.6 and 68.8 keV peaks had been added 
together in the calculations, the single-count standard deviation, from counting 
statistics only, would have been lowered to about &to*11 ppm. At such low energies, 
the Ge(Li) is just as efficient as NaI(Tl), but its small area decreases the geometric 
factor. 

CONCLUSIONS 

The Ge(Li) detector can be used effectively, not only as the primary counter in 
instrumental activation analysis gamma-ray spectrometry but also as a pilot detector, 
to assist in the processing of NaI(T1) activation analysis pulse-height data. If the 
Ge(Li) pilot spectrum shows that the observed broad NaI(T1) peak of interest is due 
entirely to the radionuclide of interest, the NaI(T1) photopeak data can be used in a 
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simple calculation. Advantage can thus be taken of the generally better NaI(T1) 
counting statistics (or of comparable statistics from shorter counting periods). If the 
Ge(Li) pilot spectrum shows that the broad NaI(T1) peak of interest also contains 
contributions from gamma rays of other radionuclides, these particular interfering 
gamma rays-and no others-can be included in a least-squares fitting calculation, to 
resolve the NaI(T1) peak into its components. By reduction of the number of gamma- 
ray energies to be considered in the least-squares fitting calculation, greater precision 
and accuracy are attainable. Although the discussion has centred about the deter- 
mination of one particular element of interest in a complex sample, the same approach 
applies also to multi-element determinations. 

Zusammenfassung-Mit Lithium diffundierte Germanium-Halbleiterde 
tektoren geben vie1 bessere AufIasung als Thallium-aktivierte Natrium- 
jodiddetektoren, sind aber vie1 unempflndlicher. In Verbindung mit 
NaJ(Tl)-Detektoren k&men sie oft vorteilhaft verwendet werden, urn 
zu zeigen, ob fiir andere als die zu messenden Aktivitgiten korrigiert 
werden muO, und urn die zur Berecbnung der Korrekturen notwendigen 
Daten zu erhalten. 

Rhm&Les d&ecteurs B semi-conducteur au germanium-lithium 
“drift” donnent une bien meilleure r&solution que les d&ecteurs ii 
iodure de sodium active au thallium, mais une beaucoup plus faible 
sensibilitk. 11s peuvent Btre souvent avantageusement utilisds en liaison 
avec les dbtecteurs NaI(Tl), pour montrer si des corrections doivent 
&tre appliqu&s li des activitb autres que celle & mesurer et apporter 
l’information nt%ssaire pour le calcul des corrections. 
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materials by fast neutron, char 
Summary-The resolution of thh spectra of activities mduced in 

particle and gamma photon actrvatron 
is complicated by the fact that many elements produce more tban one 
active nuclide in sign&ant amounts. Direct resolution by least-squares 
fitting of the spectra of standards is only possible in these cimumstances 
if the standard and sample spectra are obtained at the same time after 
irradiation, as the shapes of the standard spectra change with time. An 
alternative to the practical collection of spectra in this way is the 
correction of the standard spectra to the mid-time of counting of a 
sample spectrum. This may be achieved by recording spectra for a 
standard at different times and resolving the decay curves obtained for 
each channel on the basis of the half-lives of the component nuclides, 
which may be decay-independent or related or both. From the corn- 
ponent nuclide count-rates in each channel at some arbitrary time, the 
standard spectrum at the time of counting of the sample can be 
generated and then used in a conventional least squares-fit of the 
sample spectrum. A FORTRAN IV program has been written to carry 
out this type of calculation on an IBM 360/65 computer. The feasibility 
of using this method is demonstrated by its application to activation 
analyses involving standards containing decay-related and independent 
nuclides. 

THE application of fast neutrons, charged particles and gamma photons as irradiating 
species in activation analysis has increased greatly in recent years.l~~ These energetic 
species often induce significant amounts of two or more active nuclides in an irradiated 
element. In an activation analysis the presence of such elements leads to difficulty 
in the interpretation of the counting data. 

The mostwidelyapplied counting method in activation analysis is gamma spectrom- 
etry ; this frequently involves the use of a sodium iodide detector and a pulse-height 
analyser, though other detectors, particularly lithium-drifted germanium diodes, are 
also used. A typical non-destructive thermal neutron activation analysis comprises 
simultaneous irradiation of the sample and standards followed by successive collection 
of their gamma spectra. The composition of the sample may then be obtained by 
computer resolution of its gamma spectrum in terms of proportions of the standard 
spectra; the mathematical technique most widely adopted for this purpose is the 
least-squares method.3-7 The application of this method of spectrum resolution is 
conditional on the shape of the standard spectrum remaining constant with time. 
Standards containing only one active nuclide have spectra that fulfil this condition, 
whereas those containing two or more do not. Consequently the adoption of suc- 
cessive counting of sample and standards precludes this method of spectral resolution 
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if standards containing two or more active nuclides are involved, unless these nuclides 
have long or virtually identical half-lives, 

The difhculty caused by standards having two or more active m&ides may be 
partially avoided by discarding part of the spectral information before carrying out a 
least-squares fit. One approach is to restrict the spectral region fitted, to one of 
sufficiently high energy for photopeak contributions from all but one nuclide in a 
standard to be excluded. Another approach is to delay counting until all nuclides but 
one in a standard have decayed to insignificant levels. Though both of these techniques 
are commonly applied they suffer the disadvan~ge of being liable to eliminate 
counting information on some elements and so prevent their deter~~a~on. 

If the samples and standards are counted at the same time after irradiation the 
difficulties associated with spectrum resolution involving standards containing two or 
more active nuclides are eliminated. A method of achieving this is by irradiating and 
counting the samples and standards individually on a strictly repeated time schedule. 
Anders and Beame$ used this technique to accumulate spectra but adopted a stripping 
method for sample spectrum analysis. This experimental procedure has been used in 
combination with least-squares spectrum analysis by Korthoven, Wechter and Voigt 
in the photon-activation analysis of gadolinium and europium bronzes0 An inter- 
esting development of this basic method was introduced by Hull and Gilmore for the 
fast neutron activation analysis of lubricating oils. lo They obtain a series of spectra 
for each sample and standard at fixed times after irradiation and then identify the 
photopeak region to be used in the subsequent ma~ematicaI analysis. The series of 
counts in each of these spectral regions far each standard is a complex decay curve 
formed by the independent decay of the component nuclides present and is resolved 
into the individual count-rates at some arbitrary zero by B least-squares fit based on 
the half-lives of the component nuclides. From their count-rates a decay-smoothed 
total count-rate is regenerated for each region of each standard at each time. These 
values are then used in the analysis of a series of decay-related sample spectra, broken 
down into identical spectral regions, either by an iterative stripping procedure or by 
an overall least-squares fit. 

As the last method is restricted to counts collected on a fixed time schedule the 
decay part of the analysis merely acts as a smoothing technique for the standard data 
and while this improves the overall result it is not essential to the sample spectrum 
analysis. If however the samples and standards had been irradiated simultaneously 
and each counted several times successively, this type of decay resolution could be 
used to obtain the standard spectra at the time of counting of a sample and conse- 
quently allow a normal least-squares analysis of the sample spectrum. Rather than 
restrict the decay resolution to channel groups we have applied the method to each 
channel in the series of spectra accumulated during the decay of each standard, and 
so are able to regenerate each standard spectrum at any desired time, on the basis of 
the calculated component nuclide count-rates in each channel at some arbitrary zero 
time. A further development is the extension of the decay analysis method to standards 
containing related as well as independently decaying nuclides. 

A computer program, DECSPEC, has been written to carry out these calculations 
on an IBM 360/G computer. The feasibility of using this method is demonstrated by 
its application to activation analyses involving standards containing decay-related 
and independent nuclides. 
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MATHEMATICAL ANALYSIS OF COUNTING DATA 

The mathematical analysis of the counting data accumulated during an activation 
analysis of the type under consideration falls into two parts. The first is the analysis 
of the series of spectra obtained during the decay of each standard in order to obtain 
the standard spectra as they would be at the time the sample is counted. The second 
is the analysis of the sample spectrum in terms of proportions of the corrected 
standard spectra. 

Correction of the standard spectra 

The series of n spectra, each of m channels, accumulated for a standard during its 
decay can be broken down into a group of m decay curves each with n observations. 
Providing these decay curves have been formed by independently decaying nuclides, 
the observations in any one of them can be considered to be represented by a set of 
equations 

yn = %k exp (-483 (1) 

where yn is the observed counting rate at time tn, the 1, decay constant of the kth 
radioactive nuclide present, and xk its counting rate at time t = 0. The condition 
n > k > 1 must apply, where k is the number of nuclides fitted. The application of 
the least-squares principle requires that the variance of each observation should be the 
same. Since this is not so, each observed counting rate, yn, must be weighted by a 
factor w,, which is the inverse of the variance of the observed count, allowance having 
been made for the background count: 

These equations can be written in matrix form as 

w.y= W.A.x (3) 
where y and x are vectors, W is a diagonal weighting matrix and A is a matrix having 
Ank eIements where Ank = exp (-jl,.&. By minimizing the sum of the squares of the 
errors in y it can be shown from the theory of multilinear regressionll that the resulting 
normal equations, leading to the best estimates for X, are 

AT. W.y= AT. W.A.x (4) 

where AT is the transpose of A. Solution of the equations, rearranged in the form 

x= [AT. W.A]-l.AT. W.y (5) 

gives the count-rates of the individual component nuclides at t = 0. The inversion of 
the matrix [AT . W. A] is carried out by the Choleski method12 using “double pre- 
cision arithmetic”. An advantage of the matrix method of solution is that the variances 
of the vector x occur on the diagonal of the inverse matrix [AT . W. Al-l, and 
consequently are readily available. 

When the calculation of the component count-rates in each channel at time t = 0 
has been completed, these count-rates can be decayed to those applicable at the 
counting time of a sample. Reassembly of the standard spectrum at the time of 
counting of the sample now merely involves the addition of the decay-corrected 
component count-rates within each channel. This standard spectrum is ready for 
subsequent use in the resolution of the sample spectrum. 
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This method of channel decay resolution is not directly applicable to standards 
that contain related decaying species. In order to apply the method to a two-com- 
ponent system in which one component is the daughter of the other, the observed 
counting rate y, at time tn, can be considered to be 

yn = X, exp (-A&,) + xb exp (-&t,) + &b exp (-‘&) - exp (-“&). 
jib - aa 

(6) 

This equation is similar to equation (1) except for the inclusion of an extra count- 
rate term, x,b, the count rate of b derived from a, with its special decay coefficient. 
While it is not essential to include the term (a,, - &) in the decay coefficient its 
presence conveniently keeps the coefficient positive for positive values of tn. As 
equation (6) is of the same form as equation (1) it may be solved in a similar manner 
for x,, xb and &b-at t = 0. Decay-correction to the time of counting of a sample is 
carried out as previously described, to obtain the desired standard spectrum; all 
decay adjustments to x& are made using its special decay coefficient 

exp (-a&) - exp (+,td) 

a,,- iz, ’ 

For standards containing active nuclides with more complicated decay relation- 
ships, other expressions can be set up for the observed counting rate, yn. These are 
similar to equation (6) as they also include extra terms which account for activities 
derived by decay of other nuclides. However, it must be noted that the number of 
terms required rises rapidly with the number of successive decays involved, making 
the decay resolution increasingly difficult. Because of this we are not at present 
attempting to extend the application of this method to such cases. 

Sample spectrum analysis 

When all of the standard spectra have been corrected to the time at which a 
sample is counted, the analysis of that sample spectrum in terms of proportions of 
the standard spectra may proceed. If the sample contains j standards each of m 
channels, the count rate of the ith channel is 

(7) 

where Z,, is the experimentally determined fraction of thejth standard expected in the 
ith channel, and b, is the amount of the jth standard. An equation of this type exists 
for each of the m channels, and these equations may be written in the following 
matrix form, 

P.r=s 03) 

where r and s are vectors with bj and c, elements respectively, and P is a rectangular 
matrix having P,, elements, where Pml = Zmj. The application of the least-squares 
principle, as in the decay analysis, requires the weighting of the observations. For 
this purpose a channel weighting factor, ai, is applied, which is the inverse of the 
count in that channel, allowance having been made for the background count. If V 
is the diagonal weighting matrix, then the weighted matrix equations are 

V.P.r = V.S. (9) 
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Minimization of the sums of the squares of the errors in s again gives a set of normal 
equations which lead to the best estimates for r. These equations are 

PT. V.P.r=PT. V.s (10) 

where PT is the transpose of P. The solution of these equations 

r= [PT. V.P]-l.PT. V.s (11) 
yields the amounts of the individual standards present. The inversion of the matrix 
[PT. V. P] is again carried out by the method described in the section on the cor- 
rection of the standard spectra. 

In order to test the goodness of the spectral fit the observed and predicted errors 
are compared. For this purpose the sum of the weighted squares of the differences 
between the observed and fitted count-rates for each channel, x2, is calculated: 

where ci* is the calculated count-rate of the ith channel. The “expected” value of x2 
is the number of degrees of freedom (m -j). The ratio of these quantities, R, is 

R=XZ 
(m-j> 

(13) 

and should be approximately equal to unity as (m -j) is large; the number of 
degrees of freedom in our experiments was about 100 and is generally of that order 
of magnitude. 

In practice the value of R associated with a good fit is normally somewhat larger 
than one. While the fit in these circumstances is acceptable, the variances of the 
best values for the amounts of the individual standards present should be increased by 
a factor R. 

EXPERIMENTAL 

Computation 

The FORTRAN IV program, DECSPEC, for carrying out the calculations was written for use 
with an IBM 360/65 computer. 

Initially the program reads in a background spectrum with its live time of count. 
After reading in the number of standards involved, the first half of the program estimates for 

each of these in turn the component count-rates in each of their channels at an arbitrary zero time. 
To accomplish this the weight of each standard is read plus the number of component nuclides it 
contains, with their half-lives and whether or not any of them are decay-related. Then this is followed 
by the spectra obtained during the decay of the standard, each with its associated chronological time 
of cessation of count, and live and real times of count. The time of count for a spectrum is taken as 
the period from the arbitrary zero to the mid-point of its real time of count, Each spectrum is con- 
verted from counts per channel into count-rates per channel, corrected for background. When 
this information has been accumulated the program completes this section of the calculation, printing 
out and storing for every standard the component count-rates in each of their channels at zero time, 
plus the errors of those count-rates expressed in per cent. 
graphical form if desired. 

This information can also be presented in 

The second half of the program initially reads in the number of samples to be analysed. For 
each sample its weight and three associated counting times are read in. Then the sample spectrum 
counts are read and are converted into count-rates per channel, corrected for background. The time 
of count of the sample is then calculated as indicated for the standards. Each standard spectrum is 
then corrected from zero time to the time of counting of the sample and the spectral fit is carried out. 
The principal answers printed out are the amounts of each standard present in a sample plus the 
statistical errors of these amounts, expressed in per cent. Additional items of output are x* and R, 
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the ratio of the observed to predicted errors, and these, with graphical representations of the sample 
fitted and difference spectra, allow a rapid human assessment of the goodness of a fit. To enable the 
data used to be checked, all input data are printed out. 

All of the data can be presented to the computer as cards, many of which are produced auto- 
matically from the counting equipment. However, the program allows for the spectral data to be 
loaded on paper tape if desired. If necessary the program will correct the raw spectral data for drift 
errors, before the main calculations. 

Irradiations 

All irradiations were carried out in the Harwell reactor BEPO, using a “rabbit” irradiation 
facility. 

Counting apparatus 

The gamma spectrometer used consisted of a 75 x 75 mm sodium iodide detector and a Laben 
512-channel analyser with an internal live-timer and external facilities for recording real time and 
chronological time. The gamma spectrometer was stabilized as described by Ca.rter.18 The spectral 
data could be punched out on I-hole paper tape with a Westrex (BRPE 110) punch or on cards with 
an ICT card punch. The real time, live time and chronological time could also be punched out on 
cards. 

Analysis of samples 

The samples were simulated by mixing known amounts of irradiated standards. The geometry of 
samples and standards was made identical before counting at appropriate intervals during their decay. 

RESULTS AND DISCUSSION 

The example analyses have been chosen because they illustrate important features 
in the application of the method rather than because they are of great practical 
significance. 

Analysis of copper/magnesium mixtures 

Thermal neutron irradiation of copper and magnesium leads to the production of 
the isotopes shown in Table I. Irradiations of about 10 min are optimal for the 

TABLE I.-ISOTOPES PRODUCED BY THERMAL NEUTRON 
IRRADIATION OF COPPER AND MAGNESIUM 

Parent 
isotope 

Product 
isotope Half-life 

Energy of principal 
gamma rays, MeV 

“BM g 
V!u 
Yzu 

B’M g 
%u 
6%u 

95 min 
12.9 hr 
5-l min 

0.84, 1.01 
0~51,~ l-34 (weak) 

1.04 

* Positron annihilation 

production of magnesium-27. For such irradiations copper standards will contain 
comparable amounts of copper-64 and copper-66 during the immediate post- 
irradiation period when the magnesium-27 must be measured. If the gamma spectrum 
of the sample over the energy range 0.4-l-4 MeV is used in the spectral analysis 
copper must be treated as a two-component standard. The results of the analysis of 
a copper/magnesium mixture by the proposed method are shown in Table II, as are 
results obtained by direct least-squares fitting of copper and magnesium spectra 
collected l-5 min before and after the sample spectrum; two copper results are shown 
for the latter method, one obtained by making a simple decay correction to the 
copper spectrum on the basis of a 5-l-min half-life, the other on a half-life of 12.9 hr. 
The results obtained by the proposed method indicate that the decay correction 
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TABLE II.-C~PPER/MAGNEWM RESULTS 

Ratio of calculated composition: Ratio of 
known composition, with observed 

Method of calculation 
counting errors to predicted 

cu M?z errors 

1171 

Proposed method O-998 f 0.010 1.012 f 0.015 1.33 
Drrect least- (txlr = 5-l l-105 f 0.014 0.946 f. O-020 264 
squares min) 
fit (tl/r = 12.8 0903 f O-012 

hr) 

method used to produce the standard spectrum is working successfully. On the other 
hand the results obtained by the direct fitting method show the significance of the 
change in spectral shape of the copper standard even when counted only l-5 min 
before the sample. 

Analysis of bromine/iodine mixtures 

Bromine and iodine produce the active nuclides shown in Table III on irradiation 
with thermal neutrons. A 30-min irradiation was used for the analysis of a bromine/ 
iodine mixture. The disintegration rates for the three isotopes present in 1 mg of 

TABLE III.-ISOTOPES PRODUCED BY THERMALNEUTRON 
IRRADIATION OF BROMINE AND IODINE 

Parent Product 
isotope isotope Half-life 

Energy of principal 
gamma rays, MeV 

‘OBr 
rOBr 
*rBr 
1BII 

4.5 hr 
18 ruin 
36hr 
25 min 

OG4,0~05 
O-51,* 0.62 

055, 0.62, 0.78, 1.04, 1.32 
0.44, 0.53 

* Positron annihilation 

bromine at the end of such an irradiation are indicated in Fig. 1. The predominant 
isotope present is bromine-80, while bromine-80m and bromine-82 have relatively 
small initial disintegration rates. After the end of the irradiation the bromine standard, 
for the purpose of our method of calculation, must be considered to contain four 
component nuclides, bromine-go, bromine-80m, and bromine-82 that decay simply 
with half-lives of 18 min, 4.5 hr and 36 hr, and bromine-80 which obeys a complex 
decay function. However, because of the low energy of the gamma emission from 
bromine3Om, this nuclide may be omitted from the calculation if a spectrum threshold 
of about O-3 MeV is chosen. The results presented in Table IV were obtained by 
choosing a spectral energy range of about O-3-1-1 MeV and omitting bromine-80m 
from the calculations. Normally when dealing with standards containing decay- 
related nuclides we adopt the practice of making zero time equal to the time of the 
end of the irradiation, as the count-rates of the components returned for this time are 
the simplest to check by inspection. In this experiment standard and sample spectra 
were collected at intervals over a period of about 7 hr, the frequency being highest in 
the early stages. The analysis of any of the sample spectra leads to a value for bro- 
mine which is in good agreement with the expected value; the answers for iodine are 
similarly good for those spectra containing a significant iodine-128 contribution. 
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Results were also calculated for some of the sample spectra by fitting bromine and 
iodine standard spectra obtained immediately before and after the fkst sample 
spe&um; d~y~o~~t~on of these iodine and bromine standard spectra was based 
on h~f-iiv~s of 25 min and 18 min respectively. As expeckd, the results decrease in 

E”IG. I.--The active mclides produced by a %min themti. neutron im&tion of 
bromine and their subsequent decay, 

ral~abi~ty with time because of the ch~~~g shape of the bromine standard sp~~rn 
and the ~han~ng half-life of its bro~ne*g~ ~rn~o~~nt. These resuIts are not 
enormously in error, as the bromine standard is dominated by the bro~n~~~ 
contribution in the immediate post-irradiation period, at which time it behaves 
essenkliy as a one-component standard ; even so the goodness of fit rapidly becomes 
less satisfac%ory. 

From Fig. f it can be seen that decay resolution of the bro~ne-~~ derived from 
brom~n~$~, anb of bro~~~~ its& can only be achieved by analysis of the 
total decay curve up ta about f hr a&r cessation of irradiation, as afkr that time 
their decay functions rapidly become identical. This typ@ of situation occurs for all 
decay atlalyses involving decay-related nuclides, because the daughter growing in 
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TABLEIV.-BROMINE/IODINE RESULTS 

Method of 
calculation 

Time of 
sample count 

after irradiation, min 

Ratio of calculated 
composition: known 

composition, with 
counting errors 
Br I 

Ratio of observed 
to predicted 

errors 

13.66 

1964 

Proposed 
method 

29.10 

356.76 

404.40 

13.66 

Direct least- 
squares fit 

1964 

29.10 

1.006 
&OGO6 

I.005 
~OGO6 

1*007 
?coGO3 

0.989 
~0006 

O-998 
&O-O06 

l-024 
&O-O07 

l-079 
&O-O1 1 

l-186 
ztO-018 

I.016 
&0*013 

*ES 
0.998 

&O-O08 
N.P. 

N.P. 

1.027 
&O-O17 

l-013 
&a023 

1.013 
rto-035 

1.54 

1.76 

1.48 

233 

268 

266 

4-16 

29.8 

N.P., None present 

ultimately decays with its own or its parent’s half-life. Consequently, for systems 
in which this distinction is important, adequate measurements must be made before 
this limiting decay relationship becomes operative. 

Irrespective of whether decay-related or independent nuclides are involved in a 
decay analysis, the factors which tend to lead to poor resolution of a component do 
not prevent correct adjustment of the standard spectrum. For example, if a com- 
ponent is a minor contributor it is liable to be determined with a poor precision, but 
as its contribution is small its influence on the overall error of the standard spectrum 
is also small. Another example is when nuclides with similar half-lives are present; 
even though this may lead to large inaccuracies in the amounts of the individual 
nuclides the estimate of their sum will be accurate and so will the standard spectrum 
to which it contributes. 

No correction is made, in our method of calculation, for the error incurred by 
assuming that the mean count-rate for a counting period occurs at its mid-time. 
Rather than correct the mid-time count-rates, we have kept this error small by 
counting for periods that are small relative to the half-lives of the nuclides present. 

In its present form our method of calculation is restricted to the resolution of one 
spectrum at a time from a series of spectra collected for a single sample. A method 
for calculating isotope activities from a series of decay-related gamma spectra has 
been described recently by Yamamoto .l* This type of calculation could be used in 
conjunction with the decay part of our method to enable a series of spectra from a 
single sample to be included in an overall least-squares fit. By this means an improved 
estimate should be obtained for those elements that have similar spectra but dis- 
similar half-lives. 

CONCLUSIONS 

The activation analysis of samples through the resolution of their gamma spectra 
by the least-squares fitting of proportions of the spectra of standards from which 
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they are composed, is subject to a restriction when the standards contain more than 
one active nuclide. This restriction is that the sample and standard spectra must be 
collected at the same time after irradiation because the spectral shape of standards 
containing two or more active nuclides changes with time. If sample and standard 
spectra are collected successively and a fit is carried out, the determined sample 
composition is erroneous and the spectral fit poor. An alternative to the practical 
expedient of physically counting the sample and standards at the same time, when 
dealing with this type of activation problem, has been shown to be the correction of 
the standard spectra to their shapes at the time of counting of the sample. This 
correction method, based on decay resolution of a series of spectra obtained during 
the decay of a standard, has been demonstrated to be effective for standards con- 
taining either decay related or independent nuclides or both. The subsequent use of 
such corrected standard spectra in the resolution of a sample spectrum leads to an 
accurate assessment of the sample composition. This method of calculation should 
be of use in fast neutron, charged particle and gamma photon activation analysis 
particularly when simultaneous activation of sample and standards is employed. 

Acknowledgements-The authors are grateful to Mr. J. W. Haynes who helped with the practical 
work involved in this paper, and to Mr. M. J. Hopper whose FORTRAN IV subroutine for the 
solution of simultaneous equations through least-squares fitting is incorporated in the program 
described. 

Zusatnmenfassung-Die AuBGsung der Gammaspektren der Aktivitgt- 
en die durch Aktivierung mit schnellen Neutronen, geladenen Teilchen 
und Gammaquanten im Material induziert werden, wird durch die Tat- 
sache kompliziert, dalj viele Elemente mehr als ein aktives Nuklid in 
nennenswerter Menge liefern. Direkte Auflbsung durch Anpassen der 
Spektren von Standards nach der Methode der kleinsten Quadrate ist 
unter diesen Umstlnden nur mijglich, wenn die Spektren von Probe 
und Standard zur selben Zeit nach der Bestrahhmg aufgenommen 
werden, da die Form der Standardspektren sich mit der Zeit Indert. 
Statt der Sammlung von Spektren auf diese Weise kann man sie Stan- 
dardspektren auf die Mitte des Zeitintervalls korrigieren, in der das 
Probenspektrum gezahlt wird. Dies kahn man erreichen, indem man 
die Standardspektren zu verschiedenen Zeiten millt und die Abkling- 
kurven in jedem Kanal auf Grund der Halbwertszeiten der darin 
enthaltenen Nuklide aufteilt, die in ihrem Zerfall unabhaningig, von- 
einander abhlngig oder beides sein kiinnen. Aus den zu%nmen- 
eesetzten Zahlraten der Nuklide in iedem Kanal zu einer willkiirlichen 
zeit kann man das StandardspcktrGm zur Zeit der Z%hlung der Probe 
erhalten und dem Probenspektrum in iiblicher Weise nach der Methode 
der kleinsten Quadrate anpassen. Dur Durchfilhrung dieses Rcchenvor 
gangs auf einer Rechenmaschine IBM 360/65 wurde ein FORTRAN IV- 
Programm geschrieben. DaB diese Methode anwendbar ist, wird an 
Hand von Aktivierungsanalysen nachgewiesen, in deren Standards im 
Zerfall voneinander abh&ngige und unabhiingige Nuklide vorkommen. 

R&nn&-La resolution des spectres gamma d’activitb induites dans 
des produits par activation aux neutrons rapides, particules chargees et 
photons gamma est compliquee par le fait que de nombreux elements 
produisent plus dun nucleide actif en quantites notables. La resolution 
dire&e par ajustement aux moindres car&s des spectres des Ctalons 
n’est possible dans ces circonstances que si les spectres de l’etalon et de 
l’&chantillon sont obtenus au meme moment apres irradiation, les 
allures des spectres de l’etalon changeant avec le temps. Une autre 
possibilite pour la collection pratique des spectres dans cette voie est la 
correction des spectres Btalons au temps median de comptage dun 
spectre d’echantillon. Ceci peut 6tre realise en enregistrant les spectres 
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pour un dtalon a des temps differents et en r6solvant les courbes de 
d&integration obtenues pour chaque canal sur la base des den+vies 
des nucleides constituants, qui peuvent Btre ind+xulants de la dbinte- 
gration ou y &tre rattachb ou les deux. A partir des cadences de 
comptage du nucleide constituant dam chaque canal & un temps 
arbitraire, le spectre Btalon au temps de comptage de l%chantillon 
peut &tre produit et utilise alors dans un ajustement aux moindres 
cam% ordinaire du spectre de l’&chantillon. On a r&I@ un programme 
FORTRAN IV pour mener ce type de calcul sur une calculatrice 
electronique IBM 360/65. La possibilite d’utilisation de cette methode 
est demontree par son application aux analyses par activation compre- 
nant des Btalons contenant des nucleides rattaches a la d&integration 
ou independants. 
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Summary-The present and future developments and influences of 
autoanalysers and data processors in analytical chemistry are critically 
evaluated. Rapid developments can be expected in the 

P 
recessing of 

routine chemical analyses and in the evaluation of data rom physico- 
chemical instrumentation. 

THB most consistent developmental theme in chemical analysis in the period 1945- 
1965 was the application of increasingly sophisticated physico-chemical instrumenta- 
tion to problems associated with the great range of new materials in science and 
technology. In particular, analytical chemists became more involved in a wide 
range of trace element analyses embracing the techniques of electrochemistry, spectro- 
photometry, spectroscopy, chromatography and radiochemistry. 

The work of A. A. Smales and his group extended over all of these areas. Smales 
not only greatly influenced analytical chemistry in the United Kingdom by the 
applications of modern physico-chemical instrumentation, but he also influenced 
developments in other countries by a series of notable publications and lectures on 
such topics as neutron-activation analysis. Those who have worked with Smales’s 
group as visiting scientists also benefited greatly and promoted many of the ideas 
and developments in their own countries. 

The most probable developmental theme in chemical analysis for a second period 
of similar length, 1965-1985, is that of autoanalysers and data processing. This 
is not to say that such techniques will replace the present integrated complex of 
physico-chemical instrumentation and more classical “wet” methods, but rather 
that this will greatly influence the throughput of data arising from instruments 
and repetitive determinations. Already, small inexpensive digital computers are 
firmly established for the control and data-handling of mass spectrometers, gamma- 
ray spectrometers and other instruments. There has also been a rapid increase in 
the number of publications on autoanalysers during the past two years. Proceedings 
of recent symposia1*2 and some reviews3B4 illustrate the trend. 

Early developments in continuous analysers 

Considerable interest in continuous methods of analysis occurred some 10-15 
years before the appearance of relatively inexpensive and reliable commercial auto- 
analysers. For example Siggia’s book6 described the commercial equipment for 
continuous analysis which was available in 1958. Significant contributions to this 
field were made by U.S.A.E.C. establishments in the mid-1950’s. Hanford Atomic 
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Products Operation ,6 Idaho Chemical Processing Plant’ and Oak Ridge National 
Laboratory* had extensive programmes for the development of continuous analysers 
and monitors in 1955-1958. 

Following the introduction of the “Autoanalyser”D in 1957, interest in the applica- 
tions of continuous solution analysers spread to biomedical and industrial chemistry. 
The early developments in Europe were not as extensive or as well documented. 
Commercial continuous volumetric analysers were available in the U.K. in the late 
1950’s.10*11 Some of the earlier U.S.S.R. instruments have been described by 
Balashov,12 French instruments by CurillonlS and Regnaut,l* and U.K. instruments 
by McGowan.4 Many of the early European instruments were also used in the atomic 
energy industry. 

The performance of earlier continuous analysis systems was closely related to 
the reliability of certain mechanical components. The majority of automatic valves 
and glands and volume-measuring systems for both gases and liquids were unreliable. 
Leaking or sticking valves and glands, and corrosion problems were much in evidence. 
Automatic volume measurement using barrel-and-piston type pipettes lacked relia- 
bility and precision. In addition, high analyser system-volumes led to lags in signals 
and contamination or carry-over problems. Most of these problems have now been 
solved with the commercial availability of reliable, corrosion-free, leakproof auto- 
matic valves and the accurate miniature micro-metering pumps based on the peris- 
taltic principle. Peristaltic pumps can have infinitely variable flow-rate over a lOO-fold 
range, with a precision of better than 0.5% throughout.ls This type of pump, used 
for the metering of well-mixed air-solution streams, has revolutionized the develop- 
ment of autoanalysers. 

Application of computers in chemical analysis 

It is a difficult task for the analytical chemist to evaluate the extensive literature 
on computer applications. There is an increasing number of papers on analytical 
chemistry computer applications in a few well-known analytical chemistry journals. 
For example, the subject index of Analytical Chemistry lists 6 such entries in 1962, 
16 in 1964 and 21 in 1966. On the other hand there are no computer applications 
listed under a separate heading in Analytical Abstracts 1966 Annual Index. However, 
the industrial interest in computers for process control, and hence also in the control 
of on-line analytical instrumentation, is well in evidence in several applied chemistry 
journals. The well-known annual reviews by Williams,ls on computers and process 
control, provide many examples of applications to chemical analysis. 

Computer applications in chemical analysis fall into two broad categories. 
(1) The semi-isolated processing of data in computers sited away from the 

laboratory. 
(2) The integration of computers with physico-chemical instrumentation or 

with in-line instrumentation and plant control. 
In the first case, the analytical chemist is no different from any other scientist 

using a central computer for data processing. In the second case, chemical require- 
ments influence the applications and there is generally a direct link between the 
computer and the instruments. One of the most significant developments in the use 
of laboratory physico-chemical instrumentation is concerned with relatively small, 
inexpensive data-storage and input/output devices.l’ With many instruments such 



Autoanalysers and data processing 1179 

as mass spectrometers, the chemist needs a fast turn-round time for processing experi- 
mental data. This cannot be easily achieved by separate punching of data and 
processing. The problem can be overcome by using small data stores attached to 
the instrument and linked to a time-shared central computer station. Alternatively, 
individual small computers can be included in a grouping of three or four instruments 
or for control of a process, including the on-line instruments. 

Another recent development of interest to analytical chemists is the use of special 
purpose analogue computers l* for the rapid resolution of overlapping peaks in 
experimental curves. Many analytical techniques such as chromatography, electro- 
phoresis and spectroscopy produce curves which are sums of peaks or distribution 
functions. While other methods involving hand calculation or digital computers 
can be used for curve resolution, they either take more time or are not as convenient 
as a curve-resolver, which can be used by non-technical personnel. 

Need for automation 

It is comparatively easy to prove that the automation of chemical analysis and 
use of computers for data processing and process control is essential for large indus- 
tries. However, it will be some years before such methods have an appreciable 
impact on the research laboratory or the smaller industrial laboratory. 

Squirrellll and Kehoers provide interesting discussions concerning when and 
why chemical analysis should be automated and why on-line analysis is now considered 
imperative. The main advantages of automated chemical analysis compared with 
conventional or batch chemical analysis include saving of time, improved output 
of results, elimination of personal bias, reduced labour costs and generally improved 
precision. On the other hand, some disadvantages include higher cost of basic 
equipment, necessity for more frequent quality checks, rapid servicing, lower accuracy 
and the general restriction to a particular application. Most of these disadvantages 
are outweighed by the advantages. 

It therefore seems likely that in the laboratory, automated chemical analysis 
methods will be increasingly used for the more numerous routine determinations 
such as spectrophotometry, volumetric analysis, gas chromatography, emission 
spectroscopy and non-destructive neutron-activation analysis. For the larger physico- 
chemical instruments, direct-linked processing of data will increasingly replace 
hand calculation methods or isolated computer processing. 

PRESENT TRENDS 

It is interesting to summarize the present trends in various fields of chemical 
analysis. 

Classical wet methods 

Progress with automation is not likely to be spectacular. With sufficient numbers 
of samples some of the operations can be automated. Examples are dissolution of 
samples, solvent extraction and the separation of ion-exchange and chromatography 
fractions. A typical approach was the automatic dissolution of metal samples 
described by Barabas. 2o The metal in the form of a rod is dissolved by anodic dissolu- 
tion, a graphite rod being used as the cathode. When such an operation is followed 
for example by spectrophotometry, the complete chemical analysis can be automated. 
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A wide variety of volumetric and titrimetric analysis methods has been fully 
described by Squirrell .lr There are still many possibilities for development or applica- 
tions which may repay examination by large industrial laboratories. 

Spectrophotometry 

Ultraviolet, visible and infrared spectrophotometry are included under this 
heading. Semi-automatic spectrophotometers capable of handling many similar 
samples are now commonplace in the larger laboratories. The main advantage of 
such systems is that actual measurement of samples and print-out of results can be 
obtained while the operator is dissolving samples, or otherwise preparing for the 
next run. This is well illustrated in the recent developments in automatic clinical 
chemical analysis of liquid samples such as blood.1s2,a1 

Spectro@4orimetry 

For spectrofluorimetry and atomic-fluorescence spectrometry the over-all con- 
siderations are similar to those mentioned for spectrophotometry. Perhaps greater 
care is required for the automation of these determinations. For example, many 
factors influence the automatic fluorimetric determination of uranium.s The automatic 
spectrofluorimetry of organic compounds is now receiving some attention.22-2s 

Emission spectrometry 

Flame spectrometry and atomic absorption are included under this heading. 
Automatic emission spectrometers are already well-developed and in extensive use. 
The larger instruments can have 30 or more analytical channels connected to various 
read-out, print-out or computer systems. Computer processing of data is tiding 
extensive application in this field. The way is now also open for extensive automation 
of atomic-absorption spectroscopy following the development of simple thermal 
type resonance monochromators and high-efficiency hollow-cathode lamps.26*27 
Automatic flame spectrophotometry has been in use for some years and there appear 
to be few difficulties.= 

X-ray$uorescence spectrometry 

Electron microprobe analysis is also included under this heading. Shelemin3 
described three automatic X-ray fluorescence spectrometers developed in 1960-1963. 
These instruments have now been considerably improved,20 but the preparation of 
the necessary solid, powder or liquid sample and placement in the automatic sample 
changer is still largely manual. The major improvements centre on the programming 
of variables such as tube voltage and current, crystal, 20 setting, collimator, detector, 
counting parameters and method of presentation of results. As with several other 
instrumental methods, the trend is to couple the output of the X-ray fluorescence 
spectrometer with a small digital computer l7 which may in turn be linked to a large 
central computer. The more recent developments in this field have been described 
by Campbell. 30 A typical modern commercial versionzO will perform determinations 
of up to seven elements, above atomic number 11, in each sample, allow presetting 
of three programmes for different types of substances, and offer choice of measuring 
method (absolute, ratio or vacuum), manual or automatic changing of up to 9 or 
160 samples at a time with vacuum air lock, and facilities for computer operation. 
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it4a.w spectrometry 

Automatic mass spectrometers which can be used for process control or be linked 
to automatic gas chromatographs, are now well-known.s*31 Following the introduc- 
tion of small inexpensive mass spectrometersSa and computers17 rapid developments 
can be expected in their applications for process control. However, in the laboratory 
the introduction of fully automatic mass spectrometers is not likely to be rapid. Many 
of these laboratory instruments are required to be versatile and at present this is 
more easily achieved by manual sample handling. Considerable advances are, 
however, being made in the application of digital computersl’ for real-time data 
reduction of mass spectrometer output. There are, consequently, rapidly increasing 
applications of computers for signal averaging, analysis of cracking patterns, and 
structure-searching in mass spectrometry.sl 

Nuclear magnetic resonance spectrometry 

Potentially, NMR spectrometry can be applied to a useful range of quantitative 
determinations. Examples are the quantitative determination of hydrogen and 
fluorine in organic compounds .% Similarly, NMR spectrometry can be applied to 
a smaller range of inorganic determinations. Developments over the next few years 
are more likely to concern the application of computer techniques for data reduction 
and improved precision, rather than the automation of NMR spectrometry for 
plant control. The automation of NMR spectrometers for continuous analysis is 
briefly discussed by Shelemin .3 There are also increasing applications in the petroleum 
industry. In the laboratory the use of integrator technique coupled with curve 
smoothing could dramatically improve the sensitivity of NMR spectrometers.54 
Recent computer applications in NMR spectrometry have also been reviewed by 
Lustig.s5 

Electrochemical analysis 

The great majority of electroanalytical methods can be automated and numerous 
applications are detailed in recent reviews. s6 Electrochemical analysis is well suited 
to automation because many electrical parameters can be precisely measured or are 
readily available as signals. However, many analytical chemists are not at present 
very enthusiastic about the automation of certain electrochemical methods such as 
polarography. Great care is required for the proper functioning of polarographic 
cells and electrode systems and many chemists therefore consider that manual hand- 
ling is essential for most laboratory applications. Automated polarography is discussed 
by Lento. The basis of a simple system is a flow-cell similar to that described by 
Blaedel and Strohl,= incorporated in a commercial autoanalyser system.s It is 
shown that there are very few difficulties in the automatic polarographic determination 
of cadmium, zinc, lead, magnesium and ascorbic acid.s7 Polarography is typical of 
a wide range of electrochemical methods and increasing applications can be expected. 

Chromatography 

Many kinds of chromatography (including gas, paper, cohmm, ion-exchange 
and ring-oven), have been automated and rapid developments can be expected in 
the future.1-3*3g41 A typical automatic gas chromatograph is described by Baker 
and Orr.@ The basis of many automatic gas chromatographs is the cyclic cam timer 
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but there are certain difficulties in setting up and adjustment. Increasing attention 
is therefore being paid to alternative timer or programming systems. Other recent 
examples of automatic chromatography are gel chromatography,%olumn chromatog- 
raphy44 and ion-exchange chromatography.45 

Radiochemical analysis 

Automatic radiochemical analysers based on neutron activation, isotope dilution, 
radiometric titration and precipitation owe much of their origin to the atomic energy 
industry and are very well documented. McGowan and Foreman4 give a very good 
review of on-line analytical instrumentation of nuclear fuel reprocessing plants up 
to mid-1964. However, this review is not recent enough to deal with the remarkable 
development and applications of autoanalysers using highly accurate micro-metering 
pumps based on the peristaltic principle,g*15 or the more recent applications of 
computer-coupled instrumentation. 46 Shelemin3 gave a valuable review of European 
practice for automatic radiochemical analysis. This review includes details of auto- 
matic uranium and plutonium analysers, gamma-absorptiometers, gamma-spectrom- 
eters, alpha- and beta-monitors, neutron-monitors, mass spectrometers and a 
range of automatic counters. Interesting developments in the use of radioisotope 
sources for X-ray spectrometry47s48 and for gamma-absorptiometry,4Q also offer 
promise for a wide range of automatic analysis. There are numerous descriptions 
of automatic instrumentation and “rabbit” systems for activation analysis with both 
fast and thermal neutrons, using neutron generators and reactors.46*50 Perhaps one 
of the most ambitious schemes for automatic computer-coupled activation analysis 
was that initiated several years ago by Wainerdi and his school at the A & M College, 
Texas.51 These expensive automated systems can only be justined for handling from 
several hundred to several thousand samples per day. Since the original developmental 
work was carried out on specially selected fairly pure compounds, the applications 
to wide varieties of “as-received” samples with variable matrices, are still some years 
away. 

Miscellaneous applications 

The reader is referred to the proceedings of recent symposia1*2 for applications 
in the following fields: pharmaceutical industry, foods and beverages, agricultural 
chemistry, power station chemistry, pollution and water analysis, clinical chemistry, 
biochemistry, immunology, haematology, serology, enzyme research and metal- 
lurgical analysis. 

CONCLUSIONS 

The aim of this review is to provide a general cover of automation in the broad 
field of analytical chemistry, rather than specific information for the specialist in 
each subsidiary field. Specialists are undoubtedly aware of many trends towards 
automation in their own fields. 

It seems likely that applications of automation in the average industrial laboratory 
during the next five years will be confined to the more numerous routine determina- 
tions and that the flexibility of manual work will be retained for up to about 20 
determinations of a particular type per day. 

The greatest effects in the research laboratory will centre around the major items 
of physico-chemical instrumentation producing a large number of results. Computer 
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processing using direct-coupled (small and large) computers will greatly speed 
research studies. Under the circumstances, it may be too much to expect the present 
day chemistry graduate to cope with all aspects of the instrumentation-computer 
complex. It is true that the analytical chemist could become reasonably proficient 
in basic electronics, instrument engineering and in applied mathematics, in addition 
to his chemistry speciality. However, it would appear that a major instrument or 
group of instruments would provide a maximum return when used to full capacity 
by a team comprising one or more chemists, an instrument or electronics engineer 
and a mathematician. In view of the appreciable capital cost of the instrumentation- 
computer complex for chemical analysis, it is obvious that the more usual operation 
of an instrument for approximately eight hours per day will be replaced by continuous 
operation. 
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Zusammenfassaag-Die genenwiirtigen und zuktinftigen Entwickhm- 
gen und Einfliisse von Analysenautomaten und Datenverarbeitungs- 
maschinen in der analytischen Chemie werden kritisch gewtlrdigt. 
Schnelle Entwicklungen konnen bei der Verarbeitung chemischer 
Routineanalysen und bei der Ermitthmg von Daten aus physikalish- 
chemischen Meager&ten erwartet werden. 

R&&---On Bvalue de maniere critique les d6veloppements pr6sents 
et futurs et les intluences des autoanalyseurs et des appareils de traite- 
ment des don&s en chimie analytique. On peut attendre des d&elop- 
pements rapides dans le traitement des analyses chimiques de routins 
et dans l’evaluation des dorm&s de l’instrumentation physico- chimique. 
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Summary-The construction of a cell and associated Wheatstone 
bridge detector circuitry is described for a thermometric detector 
suitable for attachment to a Technicon Autoanalyzer. The detector 
produces a d.c. mV signal linearly proportional to the concentration 
(0~00541M) of the thermallv reactive comuonent in the samule stream 
&hen it is mixed in the cell &ith the reageit stream. The &luence of 
various pertinent parameter8 such a8 ambient temperature, thermistor 
voltage, heats of reaction and sensitivity are discussed together with 
interference effects arising through chemistry, ionic strength effects and 
heat of dilution. 

THE use of the heat of reaction as an inherent and general purpose end-point indicator 
for titrimetric analysis has long been recognized,l but advances in the use of this tech- 
nique were limited by the relative crudeness of the methods available for following 
temperature changes. In the last 15 years there has been a great upsurge of interest 
in this field, because of the availability of thermistors2 and the means for the continuous 
recording of data3 which has resulted in increased accuracy, sensitivity and speed of 
response. Recent papers describe applications as diverse as the determination of 
hydroxyl values ,4 titration of basic nitrogen compounds,6 silicate rock analysis,6 ionic 
strength effects,’ and continuous flow enthalpimetry.8 

The applicability of thermometric detection to such a wide variety of analytical 
problems makes it attractive as an adjunct to automatic analysis systems and the 
present work is concerned with various aspects of this. 

Apparatus 
EXPERIMENTAL 

The apparatus was constructed according to the block diagram in Fig. 1. 
Sampling. Three methods of sampling were tried. For laboratory application the Tech&on 

automatic sampler was used. This sampler held 40 samples and a timing disc was cut to give an 
analysis rate of 20 samples/hr with a sample : blank time-ratio of 1: 1. 

For simulated on-line applications a pneumatic liquid sampling value was coupled to the sample 
and the blank streams. This value contained a slider fitted with three drilled holes each with an 
internal volume of 10 ~1. The slider was mounted between two plate8 SO that adjacent holes were in 
alignment with two pairs of tube ends on either side. Through OppOSite ends flowed a blank stream 
to the detection cell and a sample stream to waste or recycle. The first of two electronic timers 
activated a compressed air valve after a preset delay period and moved the slider so that the bore 
of the sample tube came into alignment with the two tube ends carrying the blank stream. Simul- 
taneously the second electronic timer was activated. By this means a small discrete quantity of sample 
was introduced into the blank stream and eventually travelled down into the cell. The second electronic 
timer held the slider in the injection position for a short delay period at the end of which the slider 
was restored to its original position, the first electronic timer activated and the cycle repeated. With 
this technique a series of spikes was recorded that resulted in a “band-width”, the thickness of which 
was a linear measure of the active component in the sample stream. 

A third method of sample introduction was by syringe injection into a blank stream through a 
self-sealing rubber-ended T-piece. This method, SO far, has proved to be relatively inaccurate but 
an approximate estimation of sample strength can be achieved very quickly on very small amounts 
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of sample. Manual syringe injection methods are subject to operator errors but good design can 
remove much of the error that arises in this application. 

Pump. The Technicon peristaltic pump was used throughout. The model was was restricted to 
one pumping speed. 

FIow systems. Individual flow systems were tailored to the requirements of each particular 
analysis and were designed by standard Autoanalyzer procedures. A basic feature of all flow systems 
for this detection technique is that they are combined to produce two main streams into the detection 
cell, a sample stream and a reagent stream. On mixing, the thermal reaction or process renders the 

Automatic Peristaltic Constant lemoerature Wheoistone Amolifler 
SOlllPlW pump heat sink anb ccl I bridge circuit recorder 

n 
Solvents ond 

reagents 
Hioh lmoedonce _ 

volt-meter 

FIG. l.-Block diagram of apparatus components. 

sample zone hot or cold relative to the ambient temperature of the heat sink. In order to maintain 
good zone definition it is necessary to segment the sample stream with air bubbles. This is not 
necessary with the reagent stream as its composition is held constant. The bubbles in the sample 
stream must be removed before it entem the cell, otherwise the noise level on the detector is too large. 
Zone definition is also dependent on flow-rate. Generally the higher the flow-rate the better the 
definition but there is an upper practical limit set by the capacity of the pump and the inconvenience 
of using large quantities of reagents and solvents. In practice it has been found that flow-rates 
through the cell of between 5 and 10 ml/mm can give good results, with 8 ml/min as a useful com- 
promise. 

Constant temperature heat-sink. The changes in temperature occurring within the cell are usually 
very small and it is essential to maintain a constant ambient temperature. In the apparatus described 
the heat-sink was not thermostatically controlled as it was thought that control to within 0.01” 
would result in an unsteady base-line when external heat was suddenly injected into the system from 
the thermostat heater. Instead a 20-l. water-jacket, lagged with polyurethane board was used. 
In this research, the ambient bath-temperature was manually controlled between runs. Clearly this 
would be unsatisfactory for on-line control applications and it would be better to fit the heat-sink with 
a heat-exchange coil through which water is pumped from an external thermostat. The large thermal 
inertia of the heat-sink would buffer rapid changes in ambient temperature and a steady base-line 
would result. 

Detection cell. The essential requirements of a good detection cell are (a) small heat capacity, 
(b) good mixing and (c) small internal volume. Various designs have been tried, and though an ideal 
cell has yet to be constructed the design illustrated in Fig. 2 gives quite satisfactory results. Earlier 
attempts to construct a cell incorporating a mechanical stirrer were discontinued when it was found 
that the stirrer was a source of heat input to the system. For simplicity of design and construction, 
mixing by induced turbulence has many advantages [requirements (a) and (c)l. To achieve good 
mixing it requires the sample and reagent streams to be forced through a constriction at high velocity 
and this results in a build-up of pressure against which the pump must work. Thus it is necessary to 
check, and to take precautions against, back-flow in some of the pump channels. 

Detector circuitrv. Circuit details are shown in Fig. 3. Resistances RI. R,. R,, R1 were nut on to 
long leads and immirsed in the heat-sink within a wateytight compartment;. This ensured repioducible 
settings and minimized drift. Thermistors, of the type listed in Fig. 3, provided ideal detection 
elements as reeards sensitivitv, size and shane. The out-of-balance signal from the Wheatstone 
bridge was pla:ed across a reiistance and condenser in parallel to red& noise. The potential de- 
veloped across this resistance was recorded on a Honeywell l-mV strip chart recorder. The sensitivity 
of the circuit to cell-temperature changes was controlled by varying the voltage across the cell 
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FIG. 2.-Detection cell for continuous thermometric titrhnetry. 

thermistor. Sensitivity could be increased only until power dissipation in the thermistor bead rose 
to a level where self-heating resulted in excessive noise. For 2-kQ thermistors this started to occur 
above 0.5 V. The response of the circuit was rapid. A high-impedance voltmeter was constructed 
according to the circuit described by Barry@ but elaborated to include various voltage ranges.] 

RESULTS AND DISCUSSION 

Detector response to temperature and temperature change 

Tn*the circuit 
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where x1 and x2 are matched thermistors, RI and R2 are matched temperature- 
insensitive resistances and V, is the applied voltage across the bridge, the voltages 
across x1 and x2 are 

V Xl 
=I 

=---.v, 
xl + Rl 

vx, = --s- . v, 
xa f R, 

(21 

and 

vx, = vx* (3) 

AV=O. (4)’ 

The effects of temperature on x and R are different. While R may, in practice, be 
assumed constant, the resistance of x alters rapidly with temperature according to the 
equationlO 

x = AeBIT. (5) 

Typical values are shown in Table I. 
Thus for any ambient temperature T”K the voltage across the thermistor will be 

Vx, = 
AeBJT 

AeBIT _t R, 
. v,. 

The rate of change of voltage with temperature at an ambient temperature of T”K is 
then 

dV% _ -BR, -- 
dT T2(AeBiT + R,) - vx, 

FIG. 3.-Detector circuit details. 
R,, h-27 kQ; RI, Rs-14 kQ (all at constant temperature in heat-sink). R625 kR 
(10 turn); G-10 kQ (10 turn); R,-25 kfl. XI, X8--STC F23D thermistors (2 kQ). 
Vx--high-impedance voltmeter. V 9-V PP9 dry battery. C,--500 pF. HBR 1-mV 

Honeywell-Brown recorder. 

(7) 
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TABLE I.-~ARIATlON OF RESISTANCE WITH TFMPERATURE FOR AN S.T.C. F23D THBRMIsMlR 

1000 

x, Q log10 x T-213°K T 

3270 3.515 9.15 3.544 
3140 3.497 10.25 3.531 
2980 3.474 11.60 3.514 
2800 3448 13.25 3.494 
2610 3.417 15.00 3.471 
2455 3.390 16.75 3.450 
2285 3.360 18.75 3.426 
2100 3.322 71.10 3400 
1940 3.288 23.35 3.373 

or 

x = AeBJT; A = 0.0671; B = 3046. 

A&, = 
-BR, 1 T2(AeBIT + R2) ’ V,, . AT 

or AVxs = KT . VxzAT. (9) 

Now AV,* is the out-of-balance voltage produced by a temperature change of AT 
within the detection cell. The signal measured on the recorder, A.8 mm, is also the 
out-of-balance signal. 

Thus K,AO = A”=, (Kl is a constant, in V/mm). 

The change in temperature, AT, of the flow through the cell is 

AT= CF,.AH. [Cp.FF.d,+ C,‘].E 

where C = concentration of reactive species in sample line to cell 
I;b = flow-rate of sample line to cell (l./min) 

AH = heat of reaction (k&/mole) 
C, = speciGc heat of cell outflow (kcal/kgrK) 
Fp = flow-rate out of cell (l./min) 
dF = density of flow out of cell (kg/l.) 

C,’ = heat capacity of cell (kcal/“K) 

(mole/l.) 

(11) 

E = cell efficiency factor (i.e., degree of mixing, heat transfer, etc.) 
Then 

(12) 

or for a standardized flow and analysis system: 

A8 = KT*C. V. AHr (13) 

where K, * is the “cell constant” and evaluated by calibration with a standard reaction, 
at the required ambient temperature, T, thermistor voltage, V, and interpolated heat 
of reaction, AHr. Equation (13) has been checked experimentally and found to be 
valid, as the results for the neutralization of sodium hydroxide with hydrochloric acid 
show: for hydrochloric acid concentrations of OGI50, O-0100, O-0150, O-0200 and 
0.025OM AIM was found to be 22.7, 44.2, 66.7, 89.0 and 111.1 mm respectively. A 
linear relationship was also found between A8 and the thermistor voltage at constant 
sample strength, heat of reaction and temperature: for values of AB, in arbitrary units, 
of 10.4, 20.2, 29.9, 38.6 and 47.7 the corresponding values of V were O-062, O-119, 
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0.173,0*225 and O-280 V. For 0*061M solutions the heat of reaction of the neutraliza- 
tion of hydrochloric acid with sodium hydroxide and the reaction of silver nitrate 
with sodium chloride are - 1 3*7,114 and - 157 kcal~molel’ and the values of A@ 13.7 
and 157 respectively. 

The cell constant was measured over a range of temperatures (Table II), 

TABLE II.-VALIJES OF KT *, KT, AH AT VARIOUS TBMPERATURES FOR m CALIBRATION OF A DETECTION 

CELL wrr~ THE REAIXON HCI + NaOH z Ha0 -t NaCl 

-124.6 0.03455 -14*21S 
-125.2 0.03410 -14.06 
-124.4 0.03360 -13.85 
-123.5 0.03315 -13.78 
-123.4 0.03275 -13.53 
- 122.7 O-03210 -13.32 

123-3 0*03180 -13.17 
-123-7 @03120 -13*02 

For this particular cell the constant KT * turned out to be virtually constant over 
the temperature range explored. On further examination it would appear that the cell 
efficiency function, E, may contain a term involving the fluidity of the flow stream 
through the cell. This may be connected with the degree of mixing attained but has 
not been fully investigated. 

In the simplified equation (12) it is important to recognize the effect of a change in 
ambient temperature on the voltage across the thermistor. With a rise in ambient 
temperature the thermistor resistance drops and the proportion of the applied 
bridge potential across the thermistor also drops (see Fig. 3); in the apparatus 
described a temperature rise from 20” to 21’ resulted in a decrease of 35% in the 
thermistor voltage, with the same decrease in signal. Thus to ensure a &lx error 
the ambient temperature had to be held to within f@3”. This is rather a limitation 
on the technique but it can be largely overcome by using a twin thermistor cell and a 
four-thermistor bridge (see below) or, more simply, by rearranging the circuit in Fig. 
3 so that the bridge voltage falls across the two thermistors in series and the out-of- 
balance signal is taken from the points originally supplied with the bridge voltage. 

Heat of reaction and interferences 

Like the majority of analytical techniques continuous thermometric titrimetry is 
subject to interferences. Temperature is one of these and has already been discussed 
in relation to apparatus performance. The heat of reaction is the physical property 
that gives rise to this method and is worth examining, not only for interference in a 
chemical reaction but as a tool for analysis. In continuous flow systems the heat 
changes detected in the cell are the sum of all the heat change processes occurring and 
care must be exercised in designing analytical methods. 

Effects which give rise to interference in a required chemical reaction are (a) tem- 

perature, (b) ionic strength and chemistry, and (c) heat of mixing or dilution. 
Temperature. The the~odynamic equation AH = AG - TAS must be taken 

into account when analysing at an ambient temperature different from that used for 
calibrating the instrument. The magnitude of this effect is illustrated in Table II. An 
application is the determination of AG and AS. 
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Ionic strength and chemistry. The ionic strength effect on the heat of precipitation 
of silver halides in dilute aqueous systems has been reported by Ewing and Mazacl 
who found that 

where y is the ionic strength, and K is a constant. 

A8 

I ch* * 
I 

- -_8--8- Carbonate ions 

% 

B 

8 Na2C03 
V NaCL 

q KNO, 
h K$iO.j 
8 NazSQ 
. K3Fe (C NjB 
0 &Fe (CN), 

@ K2Cr 0, 

I I I 
05 IO I.5 

fi reaction all products 

FIG. 4.-Miicellaneous “ionic strength effects” on the continuous thermometric 
titration of 0.10&f HCl with NaOH. 

Experiments on the reaction between hydrochloric acid and sodium hydroxide 
would seem to indicate that ionic strength effects are not quite so simple at higher 
concentration levels. Results shown in Fig. 4 indicate three different kinds of beha- 
viour. One, due to sulphate ions, gave a much enhanced sensitivity. A second, due 
to carbonate ions, gave a much diminished sensitivity. Presumably the first and cer- 
tainly the second would involve a change in the final thermal reaction occurring in the 
cell, and would be largely a chemical effect rather than an ionic strength effect. A 
third form, due to ionic complexes of transition metals gave only a small effect and 
was presumably due to ionic strength effects. The effect of multivalent ions appears 
different from that of univalent ions. 

9 
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Two other forms of chemical interference have also been observed in connection 
with precipitation reactions. In the determination of sulphate ions through the 
precipitation of barium sulphate the nucleation and release of the heat of precipitation 
is subject to a variable delay or induction period. As a result the reaction zone may 
have passed the detector before any heat is released and by then it is too late for it to 
be registered. The induction period increases as the concentration of sulphate de- 
creases. A partial reduction of the induction period can be made by having a constant 
bleed of sulphate ions into the sample stream diluent. The second form of interference 

W MeOH C,=l64% W/W MeOH 

C= % W/W MeOH (bolonce=woter) 

) C.,=32,5% W/W 

C,=53% W/W MeOH 

t C,=77% W/W MeOH 

FIG. 5.-Detector response to the heat of mixing for the binary system methanol-water. 
C = sample composition; CO = diluent composition. 

was noted during a prolonged run of chloride, bromide and iodide determinations 
with silver nitrate reagent. Sensitivity gradually increased and this was attributed to 
changing heat-transfer properties of the glass coating around the thermistor bead due 
to an increasing deposit of silver halide. 

Heat of mixing. In a continuous-flow system this effect cannot be separated from 
the heat of chemical reaction, as it can be, on kinetic grounds, with the conventional 
slow addition of reagent to a stirred sample in a Dewar flask. The heat change 
occurring on mixing can be either endothermic or exothermic and its magnitude quite 
large. In this phenomenon the relationship between temperature change and concen- 
tration is peculiar in that a rough empirical rule is 

A0 = f(C - CJz (15) 

where C is the concentration of the component to be diluted in the sample stream and 
C,, is the concentration of the same component in the reagent stream. Experimental 
values of A8 as. C (methanol-water samples) and for varying values of CO (methanol- 
water “reagent”) are shown in Fig. 5 for the entire binary system. Such an analytical 
system has the bizarre feature that the sample is titrated with the component to be 
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determined (e.g., titration of methanol-water mixtures with water to determine water). 
The rough general equation (15) can be used to provide a very sensitive and simple 
method for detecting small changes in binary composition over narrow intermediate 
ranges and should have many useful applications. The empirical rule is also applicable 
to aqueous solutions of most inorganic salts. 

When the heat of dilution is an interference effect its relative effect on the heat of 
reaction can be much diminished by operating at a greater dilution of the sample, 
e.g., with a lo-fold dilution of a sample before loading the sampler the heat of dilution 
is reduced to 1 ‘A [Le., (l/lO)a] of the original, while the heat of reaction has been 
reduced to 10% of its original value. This aspect provides a,good argument for operat- 
ing at low concentrations with very sensitive detectors. 

Precision of analysis 

The apparatus described is essentially for laboratory use and not for long-term on- 
line applications. As such it is capable of good precision, Table III. The sampling 

TABLE III.-REPEATAJSILJTY TESTS FOR THE CONTINUOUS THERMOMBTRIC TITFUTIONS OF HYDRO- 
CHLoRIC ACID SAMPLES WITH SODIUM HYDROXIDE REAGENT OVER AN 8-HR PERIOD 

HCI, M 0.010 0.025 0.050 0.075 0.100 0.125 0.150 

Mean value $? = ST 1.46 3.77 7.62 Il.07 14.50 17.63 20.77 

(n = 28) 

Mean deviation El&& A01 = 0.049 0.070 0.063 0.105 0.146 0.155 0.189 
n 

Std. devn. =dy 0.063 0.087 0.109 0.130 0.199 0.237 0.306 

rate in Table III was 30/hr and while the precision is good the relationship of A8 vs. 
[HCl] is slightly non-linear. This is believed to be due to the time allowed becoming 
increasingly insufficient for the same steady-state to be attained as, the acid content 
of the samples increased. With a slower rate of sampling (20/hr) this effect was not 
observed. 

Simulated on-line analysis with the pneumatic liquid sampling valve over an S-hr 
run on a 1M hydrochloric acid sample gave the results summarized in Fig. 6. Again 
precision is quite good. A slight downward drift of A0 at either end of the run is 
closely followed by a drift in the ambient temperature of the heat-sink. This 
demonstrates the effect of changes in ambient temperature. 

The precision so far obtained with manual syringe injection techniques was 
seldom better than &Is’% relative. 

Sensitivity 

With the apparatus described and a flow-system where the sample intake is 10-20 % 
of the total flow through the cell, a useful working range for the active component in 
the samples is 0~005-O~lOM. For a (2-m) thermistor voltage of O-3 V a full scale 
deflection of 1 mV corresponded to approximately 0.1”. 



1194 W. R. MCLEAN and G. E. PENKETH 

Heat smk temperature 22.0°C 
-- 

21.0 
o,Y..Yz-I~~ 
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FIG. 6.-Band-width and temperature drift on a simulated on-line analysis of l.OM 
HCI, with a lo-p1 pneumatic sampling valve. 

lppm Cl 3 8 17 28 38 51 60.8 70.7 89.8 106 

FIG. 7.-Continuous thermometric determination of chloride. Calibration recorded 
for range O-100 ppm. 
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Higher sensitivities can be achieved, at least in theory, by modifying the Wheat- 
stone bridge to use a twin thermistor cell with thermistors of a higher resistance, or by 
use of alternative and novel methods of narrow-span resistance measurements. With 
the use of a novel and experimental a.c. bridge circuit it was possible to detect ppm 
concentrations of chloride, see Fig. 7, and extend the possible applications of this 
method to the determination of chloride in raw water supplies. With manual syringe 
injection techniques as little as 2 ,ug of chloride could produce a definite observable 
signal. 

CONCLUSIONS 

The results of this work confirm the findings of Sebborn et aLa that continuous-flow 
thermometric titrimetry is a feasible technique that, with good design, lends itself to 
accurate analysis. However, as with most quantitative methods of analysis its useful- 
ness is limited by certain boundaries. These are summarized below. 

Applications Restrictions in quantitative analysis 

Acid-base titrations Temperature 
Redox titrations Thermistor voltage 
Complex formation titrations Interference effects through more than 
Precipitation titrations one thermal process 
Heats of reaction Lower limits of detection 
Heats of dilution Quality and performance of equipment 
Ionic strength effects 
Thermodynamic parameters (AG, AS etc.) 

As well as apparatus design and performance one of the main objects of this work 
has been to examine and explore the various restrictions on this technique. Clearly 
the most important practical analytical aspect is the design of a flow system of sample, 
solvent and reagent that results in isolation of the required reaction from any inter- 
ference effect and to cause it to occur in the cell. As already mentioned this is best 
done by operating at high dilution with very sensitive detectors. It seems that this 
is now the direction to proceed with further work. 

To obtain increased sensitivity there appear, at least in theory, to be some advan- 
tages in operating with a four-thermistor bridge with a twin-thermistor cell. By having 
opposite bridge thermistors in the cell the out-of-balance effect from one pair is added 
to that of the other and an immediate doubling of sensitivity is achieved. At the same 
time the problem of maintaining a constant thermistor voltage is made easier. Also, 
as the calculations below will show, there are sensitivity advantages to be obtained 
by operating with higher resistance thermistors at higher voltages. The relationship 
applicable to a single thermistor cell, equation (7), with Vreplacing VX, now becomes, 
for a twin thermistor cell 

1 dV -B(AeBiT) . V 

5 ’ dT = T2[(AeBIP + AeBiT)] (16) 

or 
dV -BV 

hT- T2 

Since the voltage across the thermistors can only be raised to the level at which the 

(17) 
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power dissipation starts to introduce excessive noise, then a higher sensitivity should 
be obtained with a higher voltage across the thermistors of a higher resistance. If it is 
assumed that the thermistors are all loaded to a common maximum power dissipation 

of ~xIl*, where W,, = V&,/R, then 

dV 

( ) 

-B. dW_, . R 

dT = 
(18) 

max T2 * 

The following table indicates on a relative basis the maximum theoretical sensitivities 
of double and single thermistor cells, with different STC F-type thermistors. 

TAXE IV.-MAXIMIJM SENS~TIV~~~~$ AT J~QUAL POWER DISSIPATION, ON A RELATIVE BASIS FOR SINGLE 
AND DOUBLE THERMISTOR DETECTION CELLS 

(cW/~T),~~ = rel.maz. 
Thermistor type Resistance., B V ma* 

(S-W R, ki-l Volts 
sensitivity 

single double 

F 15D 100 4000 353 0.500 10-lO 
F 14D 10 3400 1.12 0.135 0.269 

F 33 D 5 3250 0.79 0.091 0.182 
F 23 D 2 3050 0.50 0.054 0.108 

F22D 0.2 2500 0.16 0.014 0.028 

This table suggests that a 20-fold improvement in sensitivity could be obtained 
for a double thermistor (100 kQ) cell as against the present single thermistor (2 kQ) 
cell. Such an improvement in sensitivity would greatly enhance the usefulness of the 
technique by extending the working range down into the ppm range. At these levels 
its sensitivity would be approaching that of calorimetric methods of analysis. 

Acknow&getnmts-The authors wish to thank Miss I. M. Brown, Mr. R. R. Sotheran, Mr. R. 
culmer and Mr. R. J. Weir for their valuable assistance with various aspects of this work. 

~~enfassuag-Die Konstruktion einer Zelle und einer Wheat- 
stone-Brtickenschaltung ftlr einen zum AnschluB an einen Technicon- 
Autoanalyser geeigneten thermometrischen Detektor wird beschrieben. 
Der Detiktor-lie&t ein Gleichspannungssignal im mV-Bereich, das 
der Konzentration (0.005J3,lM) der thermisch reaktiven Komponente 
im Probenstrom linear proportional ist, wenn der Probenstrom in der 
Zelle mit dem Reagens-Strom gemsicht wird. Der Einflu5 verschiede- 
ner einschlagiger Parameter wie Umgebungstemperatur, Thermistor- 
spannung, Reaktionswiirmen und Empfindlichkeit werden zusammen 
mit Storeffekten diskutiert, die aus chemischen Eigenschaften, Ein- 
fltissen der Ionenstarke und Verdtinmmgswarmen resultieren. 

R&ttt&-Gn d&it la construction dune cellule et d’un circuit de- 
tecteur en pont de Wheatstone associe pour un detecteur thermomt- 
trique convenant comme accessoire a un Autoanalyseur Technicon. 
Le detecteur produit un signal en courant wntinu mV lineairement 
nrouortionnel 11 la concentration (0,0054,1M) en constituant ther- 
miquement reactif dans le courant d’echantillon lorsqu’il est melange 
dans la cellule avec le courant de reactif. On discute de l’influence de 
divers parametres correspondants comme la temperature ambiante, le 
voltage du thermistor, les chaleurs de reaction et la sensibilite en mBme 
temps que des influences genantes provenant de la chimie, des effets de 
force ionique et de la chaleur de dilution. 
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Summary-The determination of traces of carbon dioxide by infrared 
spectroscopy has been investigated. For maximum sensitivity the 
absorption band at 2350cm-’ is measured, the total pressure being 
raised to one atmosphere by addition of an inert gas. With a micro 
gas-cell and a beam-condenser the limit of detection is 0.02 rg of 
carbon, and for 4 ,ug of carbon the coefficient of variation is 1.5 %. 

IN THE determination of traces of oxygen by the inert-gas fusion method, carbon 
monoxide is produced and may be measured directly. More commonly, the carbon 
monoxide is converted into carbon dioxide which is separated in a freeze-trap and 
measured manometrically .I Similar measurements of carbon dioxide are employed 
in the determination of traces of carbon by the combustion method. 

The manometric technique has proved satisfactory for as little as 10 pg of carbon 
or oxygen, but it is difficult to construct a combined freeze-trap and gauge with a 
volume smaller than O-5 ml, and for lower weights of the elements an alternative 
method of measuring the oxides of carbon was considered desirable. The results 
of an investigation into infrared spectroscopy are presented below; the potentialities 
of several other techniques have also been examined, and these will be compared in 
a subsequent publication.2 

Gases which have molecules composed of just a few atoms have relatively simple 
infrared spectra, and the bands are often specific in experiments involving mixtures. 
This specificity is of course assured if a single absorbing gas is mixed with non- 
absorbing gases such as monatomic or symmetrical diatomic species, 

The intensity-concentration relationships do not necessarily follow the Lambert- 
Beer law. Deviations are found, particularly among gases of low molecular weight, 
and are due in part to collision-broadening of the rotational fine structure of the 
bands. Broadening can be caused by the addition of an inert gas, and an effect 
commonly observed at low spectrometer resolution is a marked enhancement of the 
intensity of a band envelope as the pressure of inert gas is increased.3 This effect 
is of analytical value. 

The relative absorption intensities of many gases have been indicated in the 
literature.4 Carbon dioxide has a more intense absorption than carbon monoxide 
by virtue of the band at 2350 cm-l, and this gas was therefore selected for study. 
Weaker bands are to be found at 3720, 3610 and 670 cm-l. 

Collision-broadening effects are observed in carbon dioxide at relatively low 
pressures, and useful intensity enhancement factors can be obtained by raising the 
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pressure of the system to one atmosphere with inert gas. It is convenient to use 
nitrogen or air for this purpose. Complete broadening of the rotational structure of 
carbon monoxide is only achieved at pressures of many atmospheres;s this is due 
to the wider spacing of the rotational lines, consequent on the smaller moment of 
inertia of the molecule. 

Apparatus 
EXPERIMENTAL 

Per kin-Elmer mcdel 137G grating near infrared spectrophotometer. 

Experiments with a standard IO-cm gas cell 

The gas was contained in a IO-cm path-length cylindrical Pyrex cell with entrance and exit ports. 
The spectrophotometer was open to the air and spectra were run with the standard slit programme. 

Streams of carbon dioxide and nitrogen from two cylinders were mixed and passed into the cell, 
and the flow-rates, which were shown to be reasonably constant, were measured at the exit port with 
a soap-bubble flow-meter. The system was assumed to be at atmospheric pressure, and the partial 
pressure of carbon dioxide was thus given by: 

CO8 flow-rate 
POO, = cco, + N,j flow_rate x atmospheric pressure. 

The weight of carbon (or oxygen) corresponding to the amount of carbon dioxide in the cell could 
thus be calculated; in the results which follow, only weights of carbon are given. Care was taken to 

'00 
I I I I I 1 I 

loo 200 300 400 5wJ 6oo 7oo 

Weigh of corbm, pq 

FIN. 1 .-Determination of carbon dioxide in admixture with nitrogen at a total pressure 
of one atmosphere, using a standard IO-cm gas cell. 
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ensure adequate purging of the cell at each level of concentration. The cell was sealed off and a 
spectrum recorded; a compensation cell in the reference beam was filled with nitrogen. 

Results. The fine structure of the bands was not observed; only the envelopes could be seen. The 
maximum absorptions of the bands at 372Ocn+ and 235Ocn+ were determined as the carbon 
content of the cell was varied from 23 mg down to 21 pg (290 to 0.27 mm Hg pressure of carbon 
dioxide). The results for the 2350 cm-l band are shown in Fig. 1 as a semi-log of transmittance trs. 
weight of carbon in the cell. 

Experiments using a micro gas-cell 

The use of a cylindrical gas cell is wasteful, and if the quantity of gas available is small, it can be 
measured more efticiently in a minimum-volume cell with dimensions tailored to those of the spectra- 
photometer beam. The absorbance of a given quantity of gas increases as shorter cells are used; the 
reduction in path-length is more than compensated for by the increase in pressure because of the 
tapered construction of the cells. The efficiency is increased still further if a beam-condenser is used 

to concentrate the light from the source on to the sample contained in a very small volme. 
A micro gas-cell, with a path-length of 8 mm and a volume of @15 ml, was used in conjunction 

with a beam-condenser fitted with potassium bromide lenses. The transmission of light 
cell was about 60% and a wire gauxe attenuator was placed in the reference beam. 

through the 

The cell was attached to a vacuum line and carbon dioxide was admitted at various pressures. 
The absorption was measured, and again after admission of air to raise the pressure to atmospheric. 
In the latter case it was necessary to allow about 10 min for complete mixing of the gases within the 
cell, the absorption then being seen to reach a maximum. 

The sensitivity of the measurement was improved by increasing the slit width, and thus the available 
energy, this giving a more accurate pen response; it was further improved by purging the spectra- 
photometer with nitrogen to reduce absorption by atmospheric carbon dioxide, 

Fro. [L.-Determination of carbon dioxide, using a micro gas-cell and beam-condenser. 
(1) carbon dioxide alone; (2) carbon dioxide mixed with air at a total pressure of one 

atmosphere. 
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Results. The maximum absorption of the band at 2350 cm-’ was determined as the carbon content 
of the cell was varied from 9.8 rug down to 0.26 fig (93 to 2.5 mm Hg pressure of carbon dioxide). 
The results are shown in Fig. 2. 

The reproducibility was assessed by measuring the absorption when the micro-cell was repeatedly 
filled with a carbon dioxide~nitrogen mixture from a flowing gas stream of constant composition. 
At the 40 % transmittance level, which corresponds to 4 ,ug of carbon, the coefficient of variation was 
l-5 % (10 readings). 

The limit of detection was about 0.02 ,ug of carbon. This was taken as 242 x the standard devia- 
tion of the blank, which was measured with the cell filled with air (10 readings). 

DlSCUSSION 

The standard IO-cm gas cell could conveniently be used to determine quantities 
of carbon in the 10-750 rug range, by measuring the band at 2350 cm-l. It would be 
possible to extend the measurements to significantly higher weights of carbon by 
using the band at 3720 cm- l; here the peak absorption was only 5 % of that at 2350 
cm-l, and with 20 mg of carbon in the cell the transmittance was still 20%. The 
calibration curve for this band is not illustrated, but is similar in form to that shown 
in Fig. 1. 

A micro gas-cell and beam-condenser enabled the O-10 ,ug range to be studied, 
and the limit of detection was 0.02 ,ug of carbon. Lower limits could doubtless be 
achieved if ordinate expansion, greater source energy and better purging facilities were 
available. 

With a given sample it would be important to introduce as much as possible of the 
carbon dioxide into the cell in order to achieve the high sensitivity of which the method 
is capable. A convenient experimental assembly might embody a Toepler pumping 
system by which the same fraction of gas could be transferred in each determination. 

No effects were observed which could be attributed specifically to adsorption of 
carbon dioxide on the ceI1 walls. Any such effects may be minimized by mixing the 
carbon dioxide with the inert gas before admission to the ~ell,~ or by coating the 
metal surfaces of the cell with a suitable varnish.6 

The large difference between the curves for carbon dioxide alone and carbon 
dioxide in admixture with air (Fig. 2) may be attributed to pressure broadening effects. 
Although the latter curve is almost linear, the former shows a progressive intensifica- 
tion of the absorption as the pressure of gas is increased. No previous report of this 
effect has been found for carbon dioxide, although it has been observed in nitrous 
oxide at low pressures;’ some theoretical justification for it has also been presented.3 

The method is rapid; once the cell has been filled with gas it is a simple matter 
to position it in the spectrophotometer and to scan through the 2350 cm-l band. 
Care must be taken, however, to minimize any unwanted changes in absorption due 
to temperature and pressure fluctuations, and to introduce the carbon dioxide 
reproducibly into the cell. 

A recent method for the determination of traces of acetylene, carbon monoxide 
and nitrous oxide* used a versatile spectrophotometer equipped with ordinate 
expansion. The gas was contained in a 1-metre cell. Such long path-length cells are 
we11 suited to the study of trace concentrations of gases in mixtures where the sample 
volume is not limited, as for example, in the field of air pollution. If the trace con- 
stituent can readily be separated then a method at least as sensitive can be achieved 
by the use of a micro gas-cell and beam-condenser. 
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Zusammenfassung-Die Bestimmung von Kohlendioxidspuren durch 
Infrarotspektroskopie wurde untersucht. Fur maximale Emptind- 
lichkeit wird die Bande bei 2350 cm-l gemessen, wobei durch Zugabe 
von Inertgas der Gesamtdruck auf eine Atmosnh&e gebracht wird. 
Mit einer’ Mikro-Gasktlvette und einem Strahlkondensor ist die 
Nachweisgrenze 0,02 pg Kohlenstoff, bei 4 pg Kohlenstoff der Vari- 
ationskoetBzient 1,s %. 

RCurn&On a Btudib la determination de traces de gaz carbonique 
par spectroscopic infra-rouge. Pour la sensibilitt maximale, on mesure 
la bande d’absorption a 2350 cm-i, la pression totale etant &levee a 
une atmosphere par addition d’un gaz inerte. Avec une microcellule 
a gaz et un condenseur de faisceau, la limite de detection est de 0,02 pg 
de carbone, et pour 4 ,ug de carbone le coefficient de variation est de 
195%. 
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Summary-An X-ray milliprobe analyser has been built and its 
performance and usefulness evaluated. The instrument consists of a 
fluorescent X-ray spectrometer in which the primary X-ray beam from 
the sealed-off tube is collimated so that only a small area on the 
specimen, O-3 or 1 mm in diameter, is irradiated. The large loss in 
intensity of the fluorescent X-rays is offset to some extent by the use of 
a focussing curved-crystal analyser. The usefulness of the instrument 
has been greatly increased by the incorporation of an automatic raster 
scanning motion in the sample holder, and of a similar motion in a 
colour-film holder which moves across a light beam. The colour of this 
beam is altered according to the measured concentration of the element, 
so that a coloured mo&c picture of its distribution is built up. The 
limits of detection of a wide range of elements are in the ranee 200-2ooO 
ppm for the rather short count&g period of 10 set per po’;lt which is 
necessary when scamling a large area. 

THE X-ray milliprobe analyser is one of a number of instruments which can be used 
for the analysis of selected small areas on the surface of a specimen, and the particular 
features of the instrument which will be described are derived from an attempt to 
adapt it to those fields of use where it has advantages over other methods. Its main 
characteristics are as follows. 

A spatial resolution of @3 mm. 
Limits of detection in the range 200-2000 ppm (IO-set counting times) for a 
wide range of elements. 
A wavelength resolution modest compared with that of a conventional 
fluorescent X-ray spectrometer. 
The ability to examine non-conductors without further treatment. 
The exposure of the sample to only a low vacuum (2 mbar) 
That the cost of the instrument is quite low if it is conceived and used as an attach- 
ment to an existing spectrometer which provides the high voltage power supply 
and the X-ray tube. 

These characteristics should be compared with the corresponding properties of 
the other instruments. 

’ The electron microprobe analyser, in which spots about 1 ,um in diameter are 1. 

2. 

3. 

irradiated in a high vacuum by an electron beam and the resultant X-rays recorded. 
The laser microprobe analyser, in which a pulsed laser beam is focussed on to the 
surface of a specimen so that material in a spot about 50 pm in diameter is vaporized 
into the spark gap of a spark source spectrograph. 
Charged particle activation methods,1 in which spots 25 ,um in diameter are 
irradiated with high energy protons, deuterons or helium ions, and the scattered 
particles or the y-rays from induced nuclear reactions are measured. 

1205 
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It is apparent that the poor spatial resolution of the X-ray milliprobe makes it 
quite unsuitable for the examination of microscale inclusions and inhomogeneities in 
fine-grained materials, as is often required in metallurgical problems. The electron 
microprobe analyser is the obvious choice in this field, whilst the laser microprobe 
is an alternative should difficulties arise, since it operates at atmospheric pressure and 
is unaffected by the conductivity of the sample. Charged-particle methods, though 
they use expensive accelerators, can have a high sensitivity for certain elements 
(especially the light elements) which the other methods lack. The milliprobe is, 
however, useful in the examination of larger inclusions, especially in natural minerals 
and ores, and it is in precisely such circumstances that a conventional X-ray fluorescence 
spectrometer is likely to be available already. The high spatial resolution of the other 
methods may be an embarrassment in such circumstances, as in the absence of 
rapid scanning attachments it may not be possible to average out variations within 
the inclusions. 

Every method of examining a small selected area is potentially one of mapping 
the two-dimensional distribution of an element over a larger surface, however, and 
all that is required is some means of altering the relative position of sample and beam. 
The extent to which the incident beam of radiation may be scanned over the surface 
of a stationary specimen is limited in the electron and laser microprobes by off-axis 
aberrations in the focussed incident beam, and by the lower resolution which must be 
tolerated in their focussing radiation analysers in order to allow the radiation source 
to be moved away from the focal point. Mulveya found in the case of a 250-mm 
radius focussing curved crystal analyser used in an electron microprobe that the 
permissible shift of the electron beam was only 10 ,um for a high resolution quartz 
crystal and 100 pm when a lithium fluoride crystal was used. By sacrificing some 
resolution in the analyser, Duncombe3 was able to scan an area of 400 x 400 pm 
before the lens aberrations in his electron microprobe analyser became the limiting 
factor. In the X-ray milliprobe analyser it is inconvenient to alter the direction of 
the collimated X-ray beam at all. Thus it is necessary to have some automatic method 
of moving the specimen. In the case of the microprobe analysers there is the further 
problem that the high spatial resolution can become an embarrassment in that the 
scanning of a finite area requires a very long time, as an adequate number of photons 
have to be collected at each point, and will produce an overwhelming amount of data 
(an area 10 x 10 mm contains lo8 l-pm squares). Clearly it is undesirable to attempt 
to examine finite areas at such high resolution, and although the spatial resolution 
of a microprobe may be degraded to give an average reading over a larger area, 
either by defocussing the electron beam (the laser beam must be kept focussed to 
produce the heating necessary for vapourization) or by averaging the results from 
a 400 x 400 pm scan, it is more economic to use a cheaper instrument with an 
inherently lower spatial and spectral resolution, like the milliprobe, whenever areas 
more than 1 mm square are to be examined. 

Apart from the examination of macroscale inclusions in minerals, and of small 
(mm size) specimens such as thin wires, the main field of use of the milliprobe then 
appears to be in the examination of quite large areas (10 x 10 mm) of specimens for 
inhomogeneity on the macroscale, as in the examination of small castings, and diffusion 
boundaries in welds and brazes. With this in mind the instrument was designed to 
incorporate a sample stage which could be driven stepwise in the X and Y directions, 
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and, as some means of dealing with the mass of data produced, a photographic 
recorder in which a colour film pack is moved synchronously across a beam of light. 
The colour of this beam of light is changed by rotating filters to correspond to the 
concentration of the element being measured, and a coloured concentration distribu- 
tion is produced. 

DESIGN OF X-RAY MILLIPROBES 

Conventional spectrometers can be modified as milliprobe analysers by removing 
the Soller slit system and substituting a pinhole very close to the specimen surface to 
define the point being analysed, and a slit roughly in the position of one of those at 
the crystal end of the Soller slits .4,6 If the distance between pinhole and slit and the 
slit dimensions are chosen to give the same divergence of the secondary X-ray beam, 
both in the plane of diffraction and at right angles to it, as when a Soller slit is used, 
then the fluorescence intensity is reduced by roughly the same factor as the reduction 
in the area of the sample seen by the crystal, that is, probably by a factor of 100-200. 
This loss of intensity can be mitigated by using a curved crystal as a wavelength 
analyser since this is capable of accepting a much more divergent beam of radiation 
providing that it is divergent from a point or line source. This is exactly the case 
when a small area of the sample is being examined, and Miller5 was able to improve 
the sensitivity of the Norelco instrument with pinhole attachment by a factor of 
six in this way. He increased the width of the slit so that the divergence of the sec- 
ondary beam in the plane of diffraction was increased from about O-5” to 6”, and 
focussed the radiation with a curved analysing crystal. 

The possibility of using a curved-crystal spectrometer accepting a beam of 
divergent radiation introduces a futher choice into the design of a milliprobe, since 
it is possible to define the spot being examined either by masking the beam of second- 
ary radiation leaving the sample, as was done by Miller, or by collimating the primary 
beam of X-rays falling onto the sample, An attempt has been made to use a beam of 
primary X-rays focussed to a point by an auxiliary curved-crystal spectrometer,6 but 
there was an unacceptable loss of intensity due mainly to the fact that the spectrometer 
made the beam monochromatic as well as focussed, so that most of the radiation 
in the primary continuum was lost. 

Collimating the primary X-ray beam has the advantage that the radiation intensity 
in the vicinity of the sample is quite low so that the irradiation area can be viewed 
indirectly by a microscope, and this is the method used in the instrument to be 
described, as well as in those of Adler and Axelrod’ and Thatcher and Campbell.* 
The design of the primary X-ray collimator is a compromise between intensity and 
convenience. For the highest intensity of primary radiation falling on the selected 
area it is important to ensure that it sees vin the collimator the whole of the anode area 
of the X-ray tube which is generating X-rays. In the case of a spectrographic tube this 
may be a projected area 13 mm in diameter, so that the collimator would become a 
conical mask with a pinhole at its tip. The beam leaving this would be highly divergent 
and the tip would have to be placed very close to the specimen surface to keep the 
irradiated area not much larger than the pinhole aperture. A tubular collimator, by 
producing a more parallel beam, allows a greater distance between the tip of the 
collimator and the sample surface and facilitates the viewing of the specimen. It does 
this, however, at the expense of reducing the anode area seen by the irradiated spot, 

10 
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and if the tube is made too long the sensitivity could be appreciably less than in the 
alternative system used by Miller. 

The fundamental equations of curved-crystal X-ray optics are illustrated in Fig. 1. 
The fully focussing Johansson arrangement is shown in which the analysing crystal is 
bent to a cylindrical radius 2R and then has its inner surface ground to a radius R. 
The Bragg condition, nl = 2d sin 0 still holds for this crystal, but the result of 
bending and grinding is that radiation divergent from a source at any point on the 
focussing circle radius R (the Rowland circle) is brought to a focus at another point 

Crystal 

FIG. l.--Curved-crystals optics. 

on the circle if I = 2R sin 19, where 13 is the angle of incidence to a tangent to the 
circle at the centre of the crystal, and I is the source-to-crystal distance. Combining 
these two equations gives the basic relationship for curved-crystal spectrometers 

~=Rnl 
d (1) 

The resolving power of any X-ray spectrometer of which the resolution is not 
limited by the line-broadening effect of the crystal may be obtained by differentiating 
Bragg’s equation and eliminating d to give 

;I tan 8 
-- 

a- d6’ 
(2) 

In the case of a flat-crystal instrument d0 is the divergence of the beam leaving the 
Soller slit system, whilst for a curved crystal-instrument dt3 represents the difference 
in the angle of incidence of rays coming from the extremities of the sample spot 
and is defined by the sample width at right angles to the line of take-off of radiation; 
if this is x, de = x/l, 

and 
il 2R -=- 

dA x 
tan 8 sin e 

The function of the goniometer mechanism in a curved-crystal spectrometer is 
different from that in a conventional spectrometer. Assuming that the area being 
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examined is kept as a stationary point on the Rowland circle, the function of the 
goniometer is to move both the crystal and the detector round the circumference of 
the Rowland circle, the detector at twice the angular velocity of the crystal. Adler and 
Axelrod, and Thatcher and Campbell, used conventional goniometer mechanisms. 
It is implicit in such mechanisms that not only the sample spot but also the centre of 
the Rowland circle (i.e., the axis of the goniometer) is fixed in space. In the spectrom- 
eter designed by Adler and Axelrod the sample surface was in a plane tangential to 
the Rowland circle and at right-angles to the plane of the circle. As a consequence, the 
take-off angle (the angle at which X-rays must leave the sample to strike the centre 

Path of the 
detector 

Crystal 

Acaploncc angk 
of crystal 

bad-screw 

FIG. 2.-Motions of crystal and detector. 

of the crystal) varied with the position of the crystal. Such an arrangement is to be 
avoided if possible, since the variation in angle may give rise to additional variations 
in the sensitivity from one element to another, and to variations in the effect of surface 
finish. The change in take-off angle alters the projected size of the sample spot at 
right angles to the take-off line, and in this case helps to compensate for the deteri- 
oration in resolution which otherwise occurs at small values of 8. Thatcher and 
Campbell arranged the plane of the sample face to be nearly in the plane of the 
goniometer, and thus produced a more complicated situation as well as limiting the 
take-off angle which could be used. 

Our present instrument and its earlier prototype0 follow the Applied Research 
Laboratory instruments3 in that the take-off angle is kept constant by pivoting the 
crystal on a guide which is driven along a lead-screw set at a constant angle to the face 
of the specimen. The Rowland circle must now move in space, pivoting about 
the sample spot, the crystal acting as if it were a cam bearing against the circumference 
of the hypothetical circle. The detector moves in a more complicated clover leaf 
path with the source at one apex. These motions are illustrated in Fig. 2. The 
instrument to be described differs from the A.R.L. models in that the motion is 
achieved by a simple linked rod mechanism due to Barstad and Refsdal.lo The 
original mechanism was designed to operate with the centre of the Rowland circle and 
the crystal as fixed points, but it was easily adapted to the present purpose. A third 
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way of producing the correct motion with a constant take-off angle has been described 
recently.ll 

EXPERIMENTAL 

The present X-ray milliprobe is an automated version of the prototype analyser described at the 
Society for Analytical Chemistry Conference at Nottingham in 1965.O The general arrangement of 
the X-ray tube, sample carrier, goniometer and detector is shown in Fig. 3. The specimen is put 
face down over a 40 x 60 mm aperture in the sample holder. The sample holder itself is carried on an 
arm attached to carriages which are driven in the X and Y directions by stepping motors, the arm 
allowing this mechanism to be clear of the X-ray tube. The sample is irradiated from below by a 
1-kW Philips X-ray tube (tungsten target) fitted with interchangeable tubular collimators such that the 
primary radiation strikes the sample at an angle of 45”. The lead-screw for the crystal is also set at 
an angle of 45” to the sample surface and is driven by a stepping motor. The rod linkage mechanism of 
the goniometer is shown in detail in Fig. 3. The central part of the mechanism is the bar carrying the 

l-l 

rl 
I I Microscope 

X ond Y stepping 
motors 

Flxed pulley 
radius ‘b’ 

Moving pulley 
radius ‘2b’ 
carrying 
detector 

Lead-screw and 

FIG. 3.-Mechanism of the spectrometer (only two mirrors shown). 

crystal mounted at right-angles to it. This bar always lies along a radius of the Rowland circle. 
At its lower end it is pivoted on a block which moves along the lead-screw. At its upper end it is 
joined to two radius arms, one pivoted at its remote end opposite the point where the primary X-ray 
beam strikes the sample, and the other carrying the detector at its remote end. Equal angles between 
the central arm and two sidearms are maintained by a sliding yoke on the central bar which is linked 
to the outer arms by short equal rods. The detector is free to turn about the end of its radius arm, 
and is kept aimed in the right direction by a steel wire and a 2: 1 pulley drive. So far xenon-filled 
proportional counters with 12 x 5 mm apertures have been used as detectors. The spectrometer was 
designed to have a radius of 100 mm, and a 50 x 25 mm LiF crystal bent to a radius of 200 mm and 
ground to a radius of 100 mm has been used as the analysing crystal. The area under examination can 
be viewed via four mirrors with a microscope, and the whole spectrometer is mounted inside a vacuum- 
tight case. 

Pulses from the detector are fed to standard counting equipment (Harwell 2000 series units) 
including a ratemeter, and the counts collected may be printed out on an Addo-X printer or displayed 
as a ratemeter trace on a chart recorder. A programming unit has been built for the stepping motor 
drives. The unit allows the goniometer to be set, oiu the lead-screw and its stepping motor, at up to 
30 preselected values of sin 0 in turn and the usual continuous scans may also be made. Values of 
sin 0 have been used rather than values of il as this eliminates resetting of the values whenever the 
crystal is changed, and because there are already extensive compilatio>s of 20 values for different 
elements and analvsine crvstals. The sin 0 readinns are linear in both 1 and rotation of the lead-screw, 
as sin 0 = nA/2d A l/zR. ‘For the LiF crystal, A =’ 4.027 sin 9. Another part of the programming unit 
drives the X and Y stepping motors of the sample holder. Either motor may be driven independently 
to position the sample or to examine a line on its surface. In the scanning mode one motor is driven 
for a predetermined number of 0.3-or l-mm steps before the other is moved one step. The tlrst 



An X-ray milliprobe analyser 1211 

motor is then driven in reverse until another line of the scan has been completed, when the second 
motor is again moved one step. In this way a raster scan can be performed. 

The photographic display of the results of such a scan performed at a fixed wavelength setting is 
produced by a system similar to that used by Fudge and Causer, la and the basic mechanism is shown 
in Fig. 4. A Pplaroid colour-flm holder is mounted on a carriage which can be moved in the X and 
Y directions by stepping motors in synchronism with the movement of the sample. Whenever the 
analysis of a point on the surface of the sample is completed the corresponding point on the film is 

Film holder 

Repeater 
motor 

FIG. 4.-Diagram of the camera. 

illuminated momentarily by a beam of light which passes through a colour filter and a mechanical 
shutter. The colour filters are in fact ten sectors of a disc rotated by a repeater motor which is in 
turn driven by the ratemeter. In this way a coloured mosaic photograph of the distribution of an 
element is built up, the colours representing a tenfold division of the range in use on the ratemeter. 
By alteration of the ratio of the lengths of the increments in the sample and film holder movements 
a mechanical magnification or reduction may be achieved. 

RESULTS AND DISCUSSION 

In order to evaluate the performance of the instrument as a spectrometer, measure- 
ments were made on pure specimens of most of the elements detectable with the given 
combination of X-ray tube, crystal and detector. The geometry of the goniometer 
limited the usable range with the LiF crystal to 0-7-3-6 A (corresponding to 28 angles 
of 20” and 125” on a conventional spectrometer) and this allowed the K lines of 
elements 20-42 and the L lines of elements 50-92 to be measured. The X-ray tube 
was usually run at 40 kV, 20 mA, with a l-mm diameter collimator, and all the 
results have been normalized to a power of 1 kW at 40 kV. The errors in the goniom- 
eter settings, the count-rates on the lines, the count-rates on the adjacent back- 
grounds, and the peak half-widths were measured in one series of experiments. 

Reproducibility and accuracy of the goniometer 

The reproducibility of the goniometer was tested by repeatedly approaching the 
half peak-height setting (the position where the count rate is half that at the maximum) 
on a given peak from both directions of travel and observing the difference in the 
readings. This was usually done for the K lines of elements such as scandium at 
the long-wavelength end of the goniometer setting. Here the peak-width is smallest 
and the half peak-height setting is at its most sensitive. It was shown that the 
reproducibility of the setting for either direction of travel alone was better than 
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1 x 1OA (sin 0 value), but that the backlash, the difference between the readings 
taken in the forward and reverse directions, varied with the condition of the bearings 
in the pivots of the linkage. With a set of well used, apparently slack, bearings the 
backlash was about 3 x 104, but this increased to 12 x lo4 when new tight 
bearings were fitted. These figures may be compared with those for a conventional 
goniometer. Here, the reproducibility usually specified, 0.01” of arc, corresponds to 
uncertainties of 15 x lo4 in sin 0 when 20 = 60”, and of O-9 x 10-4 when 20 = 120”. 
Thus a “run-in” rod linkage goniometer is only a factor of two or three worse than 
the best geared model, and the effects of this uncertainty in angle setting are largely 
masked by the poorer resolution of the milliprobe at short and medium wavelengths. 
The absolute accuracy of the goniometer was also measured by comparing the values 
of sin 0 at which the maxima of the peaks occurred with the values calculated from the 
dimensions of the goniometer, the d spacing of the crystal and the wavelength of 
the lines. The error was on average +2 x 1O-3 (observed - calculated) in the region 
near sin 8 = O-9 (A - 3.6 A), fell to zero at about sin 8 = O-35 (1.4 gL> and reached 
-2 x 1O-3 at the lower wavelength limit of sin 0 = 0.177 (0.71 A). 

Sensitivity 

The count-rates for the lines, adjacent backgrounds and the limits of detection 
are given in Tables I and II. It has been assumed that the photons are counted for a 
period of only 10 set, since this is probably the longest time it is possible to dwell 
on a given selected spot when scanning a large area. The limit of detection is taken 
to be that concentration (in ppm) which will give a count equal to three times the 
standard deviation of the background count in the specified time interval. Since 
the count-rates are measured on pure materials it is implied that the sensitivities will 
hold for a matrix with a mass absorption coefficient similar to that of the pure material. 
If only a limited number of points is to be examined then greater sensitivities than 
those given in the tables can be achieved by increasing the counting time. 

The count-rates for the L, lines are between l/5 and l/7 of those for the K, lines of 
the same wavelengths, as is expected. The ranges of atomic number covered by the K 

and L lines do not overlap and there is a region of zero or poor sensitivity between 2 = 
43 and 2 = 59. This gap could be partially closed if an LiF crystal cut in the 110 plane 
rather than the 200 plane were used as an alternative. The smaller d spacing of this 
crystal (l-424 A) should allow wavelengths down to O-48 A to be recorded, and allow 
measurements on the K, lines of elements up to tin (2 = 50). It is not feasible to 
redesign the goniometer movement to extend the short wavelength coverage, as the 
crystal mount is already very close to the sample at the short wavelength limit and 
the background count-rate tends to rise rapidly at small angles of incidence. Measure- 
ments of the elements with atomic numbers lower than that of calcium would require 
the use of a crystal of larger d spacing (say pentaerythritol, d = 4.371 A) and a 
gas-flow proportional counter. In a conventional X-ray spectrometer a vacuum is 
necessary in the sample chamber only for the measurement of elements of atomic 
number lower than that of calcium, and the improvement brought about in the 
present spectrometer by using a vacuum at wavelengths as short as 1.6 A reflects 
the fact that the air-path is longer, and that its length increases as the goniometer is 
set for longer wavelengths. 

The count-rates, as a whole, are about 50 times those recorded with the prototype 
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TABLE ~.-C~~NT-RATE~ AND LIMITS OF DETECIXON FOR VARIOUS ELEMENTS-K, LINES 

Atomic 
number 

20 
21 
z 

24 
;: 

27 
28 
29 
30 
32 
33 
34 
38 

z 
41 
42 

Background Limit of 
Element 

Waveeenq of Line count- 
, rate, c/s rate, c/s detection, ppm 

Calcium 3.360 2800 13 1200 
Scandium 3.032 4500 21 950 
Vanadium Titanium 2.505 2.750 13000 7200 20 450 580 

Chromium 2.291 20000 z 370 
Iron Manganese 2.103 1.937 28000 33000 80 94 280 300 

Cobalt l-790 50000 140 220 
Nickel 1.659. 56000 140 200 
copper l-542 48000 110 210 
Zinc 1.437 140 250 
Germanium l-341 51000 300 320 
Arsenic l-256 45000 450 440 
Selenium 1.177 49000 450 410 
Strontium 0877 49000 470 

Zirconium Yttrium O-788 O-831 46000 48000 620 z 480 510 
Niobium 0.748 42000 550 
Molybdenum 0.711 35000 660 

* Measurements at this and longer wavelengths were made with the spectrometer evacuated to 
2 mbar. 

TABLE IL--COUNT-RATES AND LIMITS OF DETECIXON FOR VARIOUS ELEMENTS-,& LINES 

Atomic 
number Element 

Wavelength of Line count- Background Limit of 
line, A rate, c/s rate, c/s detection, ppm 

50 
51 
52 
53 
56 
57 
58 
59 
60 
62 

z 

:: 
67 
68 
69 
70 
73 
78 
79 
82 
83 
92 

Tin 3,600 
Antimony 3.439 
Tellurium 3.289 
Iodine 3.148 
Barium 2.775 
Lanthanum 2.665 
Cerium 2.561 
Praseodymium 2.463 
Neodymium 2.370 
Samarium 2.199 
Europium 2.121 
Gadolinium 2.046 
Terbium 1.976 
Dysprosium l-909 
Holmium l-845 
Erbium l-784 
Thulium l-726 
Ytterbium l-672” 
Tantalum I.522 
Platinum 1.313 
Gold 1.276 
Lead l-175 
Bismuth 1.144 
Uranium 0.911 

120 
390 
500 
520 
970 

1200 
1800 
1450 
2800 
4500 
5500 
6500 
7700 
8500 
9000 
9600 
8500 
9600 
7200 
9000 
9000 

10000 
10100 
11500 

10 
10 
10 
10 
9 

12 
23 

:: 
25 
25 
31 
33 
37 
50 

:; 
63 
48 

130 
260 
280 
330 
380 

25000 
7700 
6000 
5800 
2900 
2800 
2500 
2300 
1400 
1000 

850 
810 
710 
680 
740 
750 
870 
780 
920 

1200 
1700 
1700 
1700 
1600 

* Measurements at this and longer wavelengths were made with the spectrometer evacuated to 
2 mbar. 
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instrument,Q a difference which might be expected from the increased X-ray tube power, 
and about 10 times those recorded by Thatcher and Campbell using a 1.7%kW tube. 
Part of this latter difference can be attributed to the fact that the 50-mm long, lOO-mm 
radius crystal in the present instrument intercepts radiation over an angle of 14” in 
the plane of the gonimeter, whereas the 75”mm long, 200-mm radius crystal used by 
Thatcher and Campbell intercepted an angle of 105”. The major part of the difference 
must, however, arise from other causes, and it seems unlikely that it is due to the 
different take-off angle. The count-rates obtained in the present instrument are 
comparable with those that might be expected of an inst~ment of the type described 
by Miller, making allowance for the different sizes of collimator, 

The replacement of the l-mm diameter collimator by one of diameter 0.3 mm 
reduces the count-rates by a factor of 30, whilst the use of a 1 x 10 mm slit (with the 
long axis at right angles to the plane of the goniometer) increases them by a factor 
of 30. Now the area of the O-3-mm collimator is l/11 of that of the l-mm collimator, 
and the slit, area 13 times that of the l-mm collimator, so the extra factors of about 
three in the intensity changes in each case indicate that the two circular collimators 
do indeed behave as tubular ones progressively restricting the area of the anode seen 
by the irradiated spot. Assuming that the line-to-background ratios remain the same, 
the limits of detection change by factors of 30-*, and it is apparent that the 0*3-mm 
collimator is of use only in special cases. The reduction of the limit of detection by a 
factor of 55 when the slit is used raises the interesting possibility that the milliprobe 
might then be sensitive enough to do duty as a conventional large-area spectrometer. 
The sample would need to be moved with a reciprocating motion in a direction at 
right-angles to the long axis of the slit so that the reading would be averaged over a 
large area of the surface. It would be reasonable to assume that the sample could be 
irradiated for at least 100 set in this mode, so that the limits of detection might 
be reduced by factors of up to 20. 

Resolving power 

The observed half-height widths of the peaks are compared in Fig. 5 with the 
theoretical widths calculated from equation (3). This equation assumes that the 
source size is so large that it is the dominating factor in deter~ning the resolution 
of the instrument. This is to be expected since a l-mm source is a very large one by 
electron microprobe standards, and the close fit between the experimental points 
and the theoretical curve confirms it. Equation (3) gives dil, the shift of wavelength 
represented by rays coming from the extremes of the irradiated area, and this would 
produce a square-shaped peak if the area were square and uniformly irradiated. When 
the take-off angle and the angle of incidence of primary radiation are both 45”, the 
projected image of the area in a plane at right-angles to the take-off line is a circle 
of the same diameter as the collimator, i.e., 1 mm. This has a half-height width of 
0.866 mm and this would be the correct value to use for x were the area evenly 
illuminated. By making ratemeter readings as a 0.0%mm knife-edge was scanned 
backwards and forwards across the irradiation position, it was possible to show that 
the intensity of the primary radiation fell off rapidly towards the edges of the area 
and that the radiation fell to half its maximum intensity at an apparent projected 
diameter of 0.59 mm. This was the value used for x in equation (3). The corresponding 
curves for flat-crystal optics with an LiF crystal with fine (160 pm) and coarse (480 ,um) 
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FIG. 5.-Graph of resolution against wavelength. 

collimators are included for comparison. It can be seen that the goniometer, the 
LiF crystal being used, will resolve the K lines of adjacent elements in the Periodic 
Table for Z = 20-32, and the L, lines of adjacent elements for Z = 50-69. 

The scanning mechanism 

This has been used for a considerable period of time and has been shown to be 
reasonably reliable. The photographs in Fig. 6 are of a test specimen consisting of 
shallow holes of various sizes in an aluminium square 25 x 25 mm tilled in with 
nickel oxide. The sample-carriage motion was adjusted in this exposure such that it 
moved only O-4 mm at each measurement, and the l-mm irradiated areas therefore 
overlap. This appears to improve the spatial resolution, probably because the area 
which is strongly irradiated is less than 1 mm in diameter. As a result the sharp 
boundaries at the edges of the circles are rendered as a transition involving three 
points in the mosiac. Allowing a minimum counting time of 10 set, which implies 
that the concentration designated as the limit of detection cannot be more than 10 % 
of the full-scale ratemeter reading, and about 2 set to move to the next position, the 
instrument cannot examine more than 300 points per hr. For zero overlap on the points 
this is an area of 300 mm2 per hr. 

CONCLUSION 

The instrument has now been in regular use for about four months. In this time 
it has been used mainly to make scans of relatively large areas of casts of experimental 
alloys, and this justified the premises on which the design was based. The overall 
performance, both as regards sensitivity, resolution and the coverage of elements is 
not as good as that of a conventional spectrometer, but the use of a slit collimator and 
additional crystals should improve the performance to the point where the instrument 
might be used in many of the applications of a conventional analyser as well as in its 
more specialized applications. 
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Zusammenfassung-Ein Rontgen-Mikroanalysengeriit wurde gebaut 
und seine Arbeitsweise und sein Nutzen getestet. Das Instrument 
besteht aus einem Riintgenlluoreszenzspektrometer, in dem der primare 
Rontgenstrahl aus der abgeschmolzenen Riihre kollimiert wird, so da8 
nur eine kleine Flache auf der Probe von 0,3 oder 1 mm Durchmesser 
getroffen wird. Der groBe Intensit2tsverlust an Riintgenfluoreszenz- 
~trahlung wird teilw&e kompensiert durch die Verkendung eines 
fokussierenden Analvsators mit eeboeem Kristall. Die Ntitzlichkeit 
des Instruments w&e stark erhgt d&h Einbau einer automatischen 
Raster-Bewegungsmoglichkeit im Probenhalter und einer analogen 
Bewegung in einen Farbfilmhalter, der sich durch einen Lichtstrahl 
bewegt. Die Farbe dieses Strahls andert sich entsprechend der gemes- 
senen Konzentration des Elementes, soda8 sich ein Farbmosaik seiner 
Verteilung bildet. Die Nachweisgrenze ftlr viele Elemente liegt bei 
200-2000 ppm bei der recht kurzen Zahlperiode von 10 set pro Punkt, 
was bei Uberstreichen einer grol3en Flkhe notwendig ist. 

R&rn&-On a construit un analyseur IL rayons X “milliprobe” et 
&value ses possibilites et son utilite. L’instrument consiste en un 
spectrometre il fluorescence de rayons X dans lequel le faisceau de 
rayons X primaire du tube scelle est collimate de sorte que seulement 
une petite surface du specimen, de 0,3 ou 1 mm de diametre, est 
irradiee. La grande perte en intensite des rayons X de fluorescence est 
cornpen& dans une certaine mesure par l’emploi d’un analyseur 
focalisant il cristal incurve. L’utilite de l’instrument a et6 fortement 
accrue par l’incorporation, dans le porte-echantillon, dun mouvement 
automatique d’exploration, et d’un mouvement semblable dans un 
support de pellicule en couleurs qui se deplace a travers un faisceau de 
lumiere. La couleur de ce faisceau est al&&e suivant la concentration 
mesuree de l’element, de sorte qu’il s’&lifie une image en forme de 
mosalque color&e de sa repartition. Les limites de detection d’un 
grand nombre d’elements sont dans le domaine 2CO-2000 p.p.m. 
pour la pbiode de comptage relativement courte de 10 secondes par 
point qui est necessaire lors de l’examen dune importante surface. 
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FIG. 6.-Photographs of test piece (lower) and scan 
for nickel Ka (upper), the latter at magnification of Ilr 
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~P~~~~r~~ QF C&As SINGLE CRYSTALS BY 8-46 
keV ARGON IONS 

J, FARKEN@ and W. J. SCAIEE: 

Analytical Scienrcrs Division, U.K,A.E,A. Research Group, Atomic Energy 
Research Establishment, Harwell, U.K. 

i!ikmmae--An apparatus for the measurement of sputtering yietds @s) 
of single crystals of GaAs bombarded by argon ions is described. The 
dependence of S on target temperature and ion energy and the aniso- 
tropic nature of the sputtering at high temperature is discussed. 

&CAXTSE of the absence of loag ~l~~~a~k~ atomk chains in the zinc blende structnre, 
and the polar nature of the fl I 11 axis, III-V semicouduttors fend themselves to the 
study of the effect of short-range surface structure on sputtering of regular two- 
component systems. 

Although numerous experimental results have been obtained on the sputtering of 
elemental semiconductors,x4 those available for compound semiconductors are stil3 
very ~ted.~*~*~~~ Zn add~~on~ except in 3soIated case9 alI of these studies have bee= 
made with inert gas ion energies of fess than 2 keV_ At these energies the majority of 
bombarding ions penetrate only one or two atomic layers so that the spot patterns 
formed under these conditions must only involve very short collision chains. Using 
ion energies below 2 keV, Anderson4 observed the formation of spot patterns in the 
spattered deposit from C&As when the sample temperature was above NY’. Below 
this temperature (Td the s~~ondu~tor surf&x was ~rmanen~y drags by ion 
bombardment, the surface becoming amorphous after a small radiation dose. Under 
these conditions the deposit was radially symmetrical and isotropic in composition. 

This report describes the measurement of the sputtering yield of GaAs single 
crystals bombarded by 8-16 keV Argon ions. The effect of temperature on the yield 
and spot patterns formed is also examSed. The a~o~o~ic nature of the spu~~~~ 
has been studied by ~~utron-a~tivat~o~ ana@& of various areas of the sputtered 
mate&X deposit. 

EXPERlMENTAL 

Apparatw 
The appamtus consisted af 8 conventiona R.F. discharge 2x1 source operating at 31) MHZ. 

The ions were extracted fram the .SQBFC-S, &XIX& by an F%E& fens and de&&ted through 5W by BP 
e~~os~tic lens of 76 mm mear& radius. The sampie was mounted OR a copper block which was 
ele&caHy insulated from its supporting stand by mounting it in 8 silica disc. The tempemture of the 
target was thermostatically rqulated by an NiCr/NiAl thermocouple and Transitrol Unit controlling 
a small heater coil set in the block. 
with a S-mm hole in its cent!%. 

The sample crystal was held on the block by a thin nichrome plate 

Fig. 1. 
A schematic diagram of the sample mounting arrangement is shown in 

‘The ion beam diameter at the target was &out 2 mm in most experiments but was reduced to 
1 mm for studies of spot pattern formation. Secondary &ectrons from the sample were suppressed by 
~~~~~~ the ample at + I;10 V r&a&z to the sampje support. 
on discs of silica or glass placed directty in front of the sample, 

Sputtered material was co&xt& 

The focussing region and sample chamber were each pumped by a trapped and b&Bed 54%mm 
mercury diffusion pump. With the ion source input closed the sample chamber pressure was lower 
than 60 pbar. During a run the pressure rose to l-2.5 nbar. The current density of tha argon beam 
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FIG. 1 .-Schematic diagram of the sample holder. 

at the sample varied from 1.40 ~A/mm* at 8 keV to 4.00 pAlmma at 16 keV. These intensities were 
several times greater than the intensity of impurities striking the sample surface and of the same 
order of magnitude as the residual argon collision intensity. Although the argon ions were not mass- 
analysed the contribution of A?+ to the beam in this type of source is expected to be less than 6 %. 

Materials 

The single crystals of GaAs, which were in the form of slices about 1 mm thick, were polished by 
hand and then lightly etched before washing and weighing. X-Ray diffraction measurements showed 
that the crystals were aligned along the (ill), (110) and (100) planes to better than 3”. 

The argon used was taken directly from a storage bottle of high-purity gas. Mass-spectrometric 
analysis of a sample of the residual gas in the target chamber showed air impurities to be less than 
0.1%. 

Procedure 

The measurement of sputtering yield was carried out as follows. The etched, washed and weighed 
sample was placed on the copper block and the nichrome retainer carefully fastened down. After 
the sample and collecting disc were visually aligned with the ion beam axis the sample chamber was 
replaced and the apparatus pumped down. The sample was then heated to at least 250” for half an 
hour before being adjusted to the final running temperature. After the undeflected ion beam had 
settled down it was switched on to the sample. The charge falling on to the sample was measured by 
integrating the current flowing between the sample and ground. The sample weight difference before 
and after sputtering was measured on a Mettler M5 microbalance. 

RESULTS 

Visible eficts of temperature on the sputtering of GaAs (1 IO), GaAs (11 l), GaAs (iii) 
and GaAs (100). 

GaAs (110). Between 8 and 16 keV the annealing temperature (I’,> was 125” f 5”. 
At temperatures below T, the sputtered deposit was radially symmetrical and showed 
no special features for each of the surfaces examined, and at temperatures above T, 

spots were formed in the (ill), (1 ll), (100) and (010) directions. Several features of 
the deposits are noteworthy. In general the high-temperature deposit (430”) is more 
distinct than the low-temperature deposit (300”). At 430” the (111) and (ill) spots 
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are different in size, the (Ill) spot being the larger. The texture of the (Ill) spot iJ 
dull as compared with the bright spots at (lOO), (010) and (111). Anderson had 
observed that the (I1 1) spot was thicker than the (111) spot and also slightly dull. The 
(100) spots are prominent but smaller than the (111). Between the (Ill) and the (100) 
spots there is a deposit which must indicate an expansion of the spots along the (017) 
plane and the (lOi) plane. The equivalent effect along the (011) and (101) planes is 
not present and there is some indication that sputtering is blocked in planes parallel 
with the (011) and (101) planes but not passing through the centre. 

With a sample temperature of 300” the spot pattern changes. Although all of the 
higher-temperature features are present the (ill) spot has a different appearance. It 
resolves itself into a sharply defined distorted hexagon which is hollow inside except 
for a darker diffuse area near the centre. 

The breadth of the hexagon is found to be temperature dependent, as shown in 
Fig. 2. Extrapolation leads to a value of approximately 23” for the angle subtended 
by the hexagon at the sample when the temperature is T,,. 
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FIG. L-Variation of angular diameter subtended at the sample by [TIT] “spot” with 
sample temperature. 

GaAs (111) and (iii). The effect of the surface layer on the sputtering of GaAs 
is shown clearly by the deposits from (111) and (I‘fT). In both cases the deposit has a 
threefold symmetry but only the (Ill) spots are clearIy dis~n~ishable. The (Ill) 
spots appear as three aImost circular hollow deposits from the (111) face and a single 
normal triangular deposit from the (iTI) face. The (111) spots are either absent or 
so weak as to be lost in the background, as are the (100) spots which had been observed 
with a (110) surface. 

GaAs (100). The appearance of spot patterns from GaAs (100) at temperatures 
above 7’, is in accord with the patterns from (111) and (110). Spots due to (Ill) are 
prominent as are (111) spots in this case. A blocking along planes between the spots 
is also noticeable, so (110) spots are absent. 
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Sputter& yields 

The &W of &mqxr~We on t&e sfluC&$qg yield of GaAs (1 i 1) is showa in Fig. 3. 
The ySd is im&ant with tem~ra~ aver a wide zzm;r: above and below a region 
near Ta. The d~nd~~~~ of sputtering yield on ion energy far dif&ent surf&es over 
a range 8-16 keV was measured at f&d iemperatures above and below T&. Figures 4 
and 5 show the results for GaAs (1 IO), OaAs (100) and GaAs (111) at a sample 
temperature of 250”. The sputtering yietlds for all surfaces indicate that a maximum 
must occur in the y~e~d~~~er~ curves at below 8 key. 

3-5 I- 

Pw. 3,-&raph of sputtfiring yield against target temperature k%‘nr Gtis [111],16 k&V Ar+. 

3ekw T,, &e qmttmhg inmmes w%h ion energy as shown in Fig. 5. Under 
t&se ~o~~~ous the s~~~~~~g yield is ~~d~nde~t of the crystal surFace_ These 
results are compatible with the ~o~~~o~ of an amo~~ous surface ~~~d~c~ by 
radiation damage. Over the energy ran@ studied, the Xow-temperature yields are 
higher than any of the high-temperature yields. It was found difficult to obtain repro- 
ducible results for low-temperature yields, whereas the high temperature measurements 
produced good results &er the sam~le~~~n~ug procedure had been standardized. 
Tt is not clear why th& r)ecurred but smadI vari&iozzs in the rate or: forenoon of the 
amorp&ous layer might &%ct the over&h yield, 

E$r,ct of bombardment m the surface 

Mioroscopic examinatioa of the surfaces after sputtr?dng showed that the finely 
S&shed and BawZess parts of t&e surfaces were sputtered off eve&y both tht high and 
few t~m~~~ but smah f&s such as fine szrat&es or etch pits ~r~~~d during 
preparation of the sample were rapidly e~~~d~ by erosion at tern~~~t~res bejaw 
T,, although they were not preferentjJahy eroded at higher temperatures, We were 
unable to detect any difference such as has been described by Comas and Cooper,* 
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in the appearance of finely finished bombarded surfaces, irrespective of their orientation 
or temperature. 

Composition of the qmttered depQsjt 

The composition of the sputtered material was determined after depositing it on 
silica discs. These were cut to select various features of the sputtered pattern and 
subjected to neutron-activation analysis. Table I shows the gallium/arsenic ratio for 
the areas selected. 

TABLE I.--THE AMOUNTS OF GALLIUM AND ARSENIC IN VARIOUS “SPOW FROM GaAs (Ill), (llO), 
(100) AND PURE GaAs 

Sample “Spot” analysed Ga, % As. % Error 

[Jo01 

f::; 
Ill01 
[JlOl 
tt111 
[1111 
Du(.I 

Crystal 

Cf.0 43 

::YY; 42 :; 51 58 
tnr> 55 45 
(111) 

g; :: 47 

60 

36 53 
at 50°C 51 49 

- 50 50 

f3% 

zk2% 

The most noticeable feature of the results of bombarding GaAs crystals with AI+ 
at 8-16 keV is the similarity to results obtained on GaAs and other semiconductors 
below 2 keV. There exists in all cases a transition temperature above which defects in 
the crystal surface are annealed out faster than they are produced by bombardment; 
above and below this temperature the sputtering yield is almost independent of temper- 
ature; we11 defined spot patterns are formed at temperatures above T, in directions 
which correspond approximately to specific axes in the crystal and the composition 
of the spots depends on which crystal axis they correspond to. 

All of these features must be explained by phenomena which are essentially energy 
independent, at least up to 20 keV. 

The existence of a transition temperature in III-V and other semiconductors has 
been observed over a wide range of energies varying from a few hundred volts with 
Ge,S Si,2 GaAs,l and InSb,4 to 30 keV for Ge and Si. lo A quantitative explanation of 
the phenomenon has been proposed by Anderson and Wehner5 for energies up to 
1 keV, based on the equilibrium between defects annealed out by thermal vibrations 
and defects produced by ion bombardment. Unfor~nately, it is difficult to make a 
quantitative comparison over a wide range of energies because of the general paucity 
of results for any one semiconductor. The vaiue of 12.5’ obtained in this work at 
16 keV and 4 ,uA/mm2 can be compared with about 130” obtained by Anderson and 
Wehner at lower energies but higher current densities. 

The temperature independent regions above and below Ta are of particular interest 
in the theory of sputtering. Whereas the penetration of ions through channels in 
single crystals is very temperature dependent (see for example the work of Charming 
and Howe11nr2) the sputtering yields are very insensitive to temperature change over a 
wide range. Carlston et aLIs have demonstrated this with 2-10 keV Ar+ on several 
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single crystal and polycrystalline metal targets, and Nelson14 has shown that up to a 
temperature where thermal spikes are important the sputtering yield of many poly- 
crystalline materials is temperature independent for 45 keV Xe+, AI3 and Ne+. 
Lehmann and Sigmund15 have incorporated these and other results into a mechanism 
of sputtering which shows that spot patterns can be formed by as few as 2 or 3 regular 
lattice layers near the surface. The appearance of spot patterns from zinc blende 
structures is good evidence for long-range focussing contributing only a minor part to 
the sputtering mechanism. 

Only two directions produce well defined spots in GaAs, the (111) and (100). The 
(111) spots are produced by all the surfaces examined and have appearances which 
depend on the polarity of the axis. By using the etching method of White and Roth20 
it was found that the (iTi) directions, which produce the hollow spots, are on normals 
to the surface which have arsenic atoms as the outermost layer. That is, theatomwhich 
has the highest concentration in the centre of the sputtered deposit is the one which 
forms the second atomic layer below a stable (111) surface. As can be seen from the 
schematic Fig. 6, this atomic layer is bonded directly by a single bond to the third 
layer atoms. A nearest neighbour collision along this axis could be followed by 
assisted focussing at the surface layer. The centre spot found in the deposit from (iii) 
is compatible with an assisting lens of three atoms. The comparable concentration 
of both atomic components must indicate that, after the second layer atom is lost, 
rearrangement of the surface takes place and the remaining surface layer is more 
randomly ejected. 

<lib 
SURFACE 

ATOM 

FIG. 6.-Schematic diagram of the (m) surface atom arrangement. 

The absence of polarity in the (100) direction is in agreement with (a) the similar 
form of the (100) and (010) spots from a [IOO] surface and (b) the composition of the 
spots being almost 50 % Ga: 50 % As. The (100) spots are generally much weaker than 
those in the (111) directions as would be expected from directions in which the nearest 

11 
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neighbour pairs are absent. We find the centre spot for the [lOO] surface to be absent. 
It is difficult to understand how momentum transfer can occur at all in the (100) 
direction, because of the large separations between atoms along this axis, although 
we shall show later that at lower temperature (60-70”) there is some indication that 
interstitial argon atoms influence the sputtering of InSb. 

The disparity between the theoretical and measured angles between certain spots 
has been noticed in Ge.3 We find this to occur in GaAs, for which from the [lOO] and 
[ill] surfaces the (111) spot directions are 49” f 3” and 56” f 3” respectively, 
compared with theoretical values of 54”44’ and 70”32’. HanemarP has proposed a 
model for the [ 11 l] surface of III-V semiconductors based on distortion of the bonds 
in the outermost layers by hybridization of the s andp orbitals on the surface atoms. 
This model is used to explain the decrease in azimuth angle of the spots from the 
theoretical. Haneman suggests that distortion of the surface atom bonds leads to a 
close-packed atom chain near the surface which facilitates the ejection of the surface 
atom at 55” to the surface normal. This value is close to the 59” quoted by Anderson 
and Wehner and to our value of 56”. Unfortunately, this model would imply that the 
spots would have a composition with a greater than stoichiometric amount of the sur- 
face layer atom. Based on the work of Roth and White our results show that the second 
layer atoms have the higher concentration for a given normal spot. 

The hollow appearance of the (ill) spot is always present between T, and about 
300” irrespective of the surface being bombarded. The edge of the spot is very sharp 
in all cases and gives the impression that some form of blocking has occurred along 
the (ill) axis. We were not able to show by analysis if the edges of the spot were of a 
different composition from the centre but the surface texture leads us to believe that 
the material leading away from the edge was similar to the (111) or (100) spot material. 
That is, it was either stoichiometrically GaAs or had a slight excess of As. The large 
diameter of the spot can only be produced by blocking if the source of the sputtering 
is within one or two atom layers of the surface. Yurasova’ and Anderson and Wehner5 
observed a similar spot formation in InSb. Yurasova proposed that momentum 
transfer along high index directions produced spots with hexagonal symmetry. 
However, the appearance and variation of diameter with temperature preclude this 
argument in our case. The low intensity of the (111) spot suggests that chemical 
bonding must play an important role in the sputtering of semiconductors; the atomic 
weights of Ga and As are so nearly the same that major differences due to momentum 
transfer can be excluded. 

Comas and Cooper9 have analysed mass-spectrometrically the neutral species 
sputtered from GaAs by 100 eV argon ions. They found that for a target at tempera- 
tures below T, atomic Ga and As were the major products with a small amount of 
molecular GaAs, thus contradicting the opinion of Wolsky et a1.l’ that molecules were 
the predominant species sputtered from GaSb. Surprisingly, Comas and Cooper 
found that the sputtering yield varied with the crystal surface although their conditions 
were such as to lead to an amorphous layer very quickly during bombardment. 

The major difference between low-energy and high-energy bombardment is in the 
relative sputtering yield for different surfaces at different temperatures. Whereas 
Anderson1 has found that for Ge the relative sputtering yields are in the order (100) > 
(111) at room temperature >(l 10) for GaAs bombarded by Ar+ at greater than 10 keV 
we find that at room temperature the sputtering yield is higher than any crystal surface 
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yield at temperatures above T,, the order of these being (100) > (111) > (110). We 
interpret this as showing the importance of transparency at high energies. For a 
diamond lattice the relative opacities for (Ml), (111) and (110) directions are 
O-23 : O-20 : O-16 in agreement with the range studies of high-energy Xe in Si.l* If the 
atoms are randomized by ion bombardment the transparency will be lowered for all 
surfaces and the yields will accordingly be higher for room temperature measurements. 
It is generally true that an amorphous or polycrystalline target has a higher sputtering 
yield than a regular lattice and that the maximum in the yield/energy curve is at a 
higher energy; for equivalent penetration the effective collision cross-section must 
be lower for a random lattice than for a regular one. 

The concept of transparency need not be totally rejected for the low energy region. 
As the penetration of incoming ions is very low for low-energy bombardment it can be 
shown that to a depth of about 1 cell unit the transparency of a surface containing 
randomly positioned atoms can be higher than for a (100) face and comparable to a 
(111) face, where atoms are held in fixed unfavourable positions with respect to the 
incoming beam. Nevertheless, it must be concluded that at low energies other factors 
than transparency (e.g., binding energy) are important and this importance decreases 
as the energy increases. A crossover in the yield curves, which we observe in the region 
of 8 keV, has been reported by Wolsky and Zdanuk for argon on copperP 

CONCLUSION 

The observations made here are in general agreement with other sputtering 
measurements made at low energies on semiconductors and at high energies on metal 
single crystals. However, certain unusual features are apparent and further investiga- 
tion into the sputtering of regular two-component lattices may lead to an insight into 
the importance of properties such as binding energy in the sputtering process. 

An analysis of the material sputtered from GaAs (111) surfaces indicates that a 
short-range assisted focussing of second layer atoms takes place at the surface as they 
are ejected. 

Acknowledgement-We should like to thank Mr. D. Mapper for the neutron-activation analysis of 
our sputtered deposits. 

Zasammenfassang-Ein Gerat zur Messung der Zerstlubungsaus- 
beuten (5’) von mit Argonionen beschossenen GaAs-Einkristallen 
wird beschrieben. Die Abhiingigkeit von S von der Temperatur des 
Targets und der Ionenenergie sowie die Anisotropie der Zerstihtbung 
bei hoher Temperatur wird diskutiert. 

Rf%um&-On d&it un appareil pour la mesure des rendements en 
“crepitement” (s) de cristaux uniques de GaAs bombard&s par des ions 
argon. On discute de la dependance de S par rapport a la temperature 
de la cible et l’energie des ions et de la nature anisotropique du cmpite- 
ment a temperature &levee. 
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Surtnna~--The mass spectra of 2- and 4-(2pyridylazo)phenol, 
2-(2-pyridylazo)-l- and 1-(2-pyridylazo)-2-naphthol and several 
chelates of these compounds with manganese@), cobalt@), nickel@), 
copper(I1) and zinc@) are discussed. Comparisons are made with 
the results of solution studies of complex formation of the same 
chelates. 

PYRIDYLAZOPHENOLS,NAPHTHOLSANDRESORCINOL arenowwellestablishedanalytical 
reagents,l but the stoichiometry of several of the chelates is uncertain.24 Mass 
spectrometry is, in principle, a good method for the establishment of stoichiometry 
and is a relatively unexplored approach. s Accordingly, we have obtained and exam- 
ined the mass spectra of several chelates formed from these reagents and attempted 
to assess the value of mass spectrometry in the study of chelate chemistry. 

EXPERIMENTAL 

Reagents 

PyridyIazo derivatives. 2-(2-Pyridylazo)phenol(o-PAP), 4-(2-pyridylazo)phenol@-pAP), 2- 
(2-pyridylazo)-1-naphthol(o-a-PAN) and 4-(2-pyridylazo)-1-naphthol@-a-PAN) were synthesised 
by reacting 2-hydrazinopyridinea with 1,2benzoquinone, 1 +benzoquinone, 1,2_naphthoquinone or 
1 &naphthoqumone respectively. ‘se The quinones were either obtained commercially and purified 
before use or synthesized by published procedures. 
described earlier.g 

o-a-PAN was also prepared by the method 
l-(2-Pyridylazo)-2-naphthol(o-&PAN) was obtained commercially. All the 

reagents were purified by recrystallization from 50% aqueous methanol or by sublimation. All 
were subjected to elemental analysis for carbon, hydrogen and nitrogen; 
with the theoretical within the usual limits of accuracy. 

the results were in agreement 
The mass spectra described below confirmed 

the purity of all but o-a-PAN, which contained approximately 1% impurity with a molecular weight 
28 amu greater than o-a-PAN. This impurity was found in samples 
and in the chelates of o-a-PAN. It is possibly a tetrazo derivative, ! 

repared by different methods 
ut further work is needed to 

verify this. 
p-a-PAN could not be purified by these methods (it exploded rather than sublimed and gave 

tars on recrystallization) and consequently was not examined further. 
Metal ion solutions. Solutions were prepared from analytical reagent grade salts and standardized 

by titration with EDTA. 
Chelates. Equal volumes of equimolar (5.0 x lo-*M) solutions of metal ion in water and PAP 

or PAN in ethanol were mixed and a few drops of aqueous ammonia were added to ensure complete 
reaction. The solutions were heated and then allowed to stand whilst the chelate precipitated. This 
was then washed with water and dried in vacua. This procedure generally yielded crystalline products. 

Apparatus 

Mass spectrometer. Spectra were obtained on solid samples with an A.E.I. MS9 double focussing 
mass spectrometer. One spectrum was run at a resolution of 15000 with heptacosafluorotributylamine 
as a reference; the rest were run at low resolution. 
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RESULTS AND DISCUSSION 

Mass spectra of ligands 

The spectrum of each ligand shows a well-defined parent peak and a similar frag 
mentation pattern (Figs. l-4). 
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FIG. l.--Mass histogram of I-(2-pyridylazo)phenol (o-PAP). 
Temp. 200°C. 
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FIG. 2.--Mass histogram of 4.(2-pyridylazo)phenol @-PAP). 
Temp. 250°C. 
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FIG. 3.-Mass histogram of l-(2-pyridylazo-)-2-naphthol (o&PAN). 
Temp. 250°C. 
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FIG, 4.-Mass histogram of 2-(2-pyridylazo)-1-naphthol (o-cc-PAN). 
Temp. 270°C. 
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I-(2_Pyridylazo)phenoZ, (o-PAP). The spectrum of this l&and is typical and is 
discussed in detail to show the general pattern of fragmentation. The pathways of 
breakdown are summarized in Fig. 5. Steps accompanied by metastable peaks are 
known with certainty, l”,ll because they proceed according to the well-known relation- 
ship between parent, ml, daughter, m,, and metastable, m*, i.e., m* = m,2/m,. 
Other postulated steps are those that best fit the facts for reasons given below. 

-co 
C,H,N + C,H,O ----f C,H, 

78 93 65 

/ 
/’ 

/ 
/’ 

/ / 

C,rH,N,O -Na_ C1rH,NO -H, C,,H,NO 
199 171 170 

‘\ ‘, 
‘\, \ ‘\ 4 

C,H,N + C,H,N,O -Na, CsH,O 
78 121 93 

\ 

-ECN 

C&b 

FIG. K-Fragmentation pattern of I-(2-pyridylazo)phenol. 
Solid lines-steps accompanied by metastable peak. 
Dotted lines-steps unaccompanied by metastable peak. 
Numbers indicate value of m/e. 

There is a peak at m/e 199t due to the parent ion, which then fragments in two 
ways: (i) by loss of nitrogen and (ii) by cleavage resulting in pyridine and phenolazo 
fragments. 

(i) The loss of nitrogen is confirmed by a metastable peak at 171. It is probable 
that the mechanism is that indicated by 

The recombination of the pyridine and phenol fragments with retention of the sub- 
stitution patterns of the pyridine and phenol is suggested by the difference in frag- 
mentation pattern of o- and p-isomers. The fragment corresponding to m/e 171 
then breaks down by one of two routes, (ia) or (ib). 

(ia) Loss of a hydrogen atom gives 170 (shown by a metastable peak at 169 on loss 
of another). The ratio of the abundance of 171 and 170 in the ligand and chelate 

t For convenience of discussion, units of m/e may be assumed and all fragments are named 
as if they did not carry any charge. 
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spectra show that it is the phenolic hydrogen that is lost. Comparison with p-PAP 
indicates that proximity of oxygen and nitrogen atoms may result in intermediates 
which facilitate the reaction, e.g., 

The next step is probably transfer of a proton from the pyridine to the phenolic ring 
with consequent cleavage of the bond between the rings. A metastable peak at 454 
confirms the loss of carbon monoxide from the phenolic fragment 93 to give a five- 
membered ring. The steps of (ia) are 

bH 
I 

171 170 O’ 
6 
93 65 

The minor peak at 142 may be due to the loss of carbon monoxide from 170. 
(ib) There is an immediate rupture of the bond joining the rings without prior 

loss of hydrogen. The great abundance of 93 and 78 shows this to be a major pathway. 
Pyridine loses hydrogen cyanide to give C,H,. 

(ii) The peak at 121 is probably due to a phenolazo fragment formed by cleavage 
of the azo-nitrogen pyridine bond of the parent. There is a loss of nitrogen (metastable 
71.5) to give a peak at 93. 

4-(2-Pyridylazo)phenol, (p-PAP). The spectrum is very similar to that of o-PAP 
and the fragmentation pattern can be interpreted in the same way. The only major 
difference is the ratio of peaks 171 and 170 commented upon above. An accurate 
mass measurement of peak 171 gave 171.0684. This confirms the formula CIIH,NO 
and the elimination of nitrogen postulated above. 

1-(2-PyridyZazo)-2-naphthol(o-8_PAN). The spectrum and mechanism of fragmen- 
tation are very similar to those of o-PAP, with naphthol being substituted for phenol. 
The postulated mechanism is shown in Fig. 6, which is self-explanatory. The differ- 
ences noted are that the direct cleavage step (ii) is not noticeable and the ratio of 
peaks 221: 220 compared with 171: 170 of o-PAP is different and in favour of hydrogen 
loss. 

_r/c4H3 JgH7 

Ct,H,,N,O -Nt C1,HI,NO + C,H,N + C,H,O 
249 221 

\ 78/ 

143 

.:e&W 

Cr,H,,NO 
220 

FIG. B.-Fragmentation pattern of I-2(pyridylazo)-2-naphthol. 
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FIG. 7.-Mass histogram of chelate of zinc(I1) and o-PAP. 
Temp. 400°C. - = scale shortening. 
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FIG. 8.-Mass histogram of chelate of manganese(I1) and o-PAP. 
Temp. 380°C. ‘VVV* = scale shortening. 
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2-(PyridyZuzo)-2-nuphthol, (o-a-PAN). The spectrum (Fig. 4) is virtually identical 
with that of o-B-PAN, except for a large peak at 248 due to the parent minus hydrogen. 
The breakdown of this ion appears to follow a route analogous to (ii) of o-PAP. 

ikfdss spectra of chelates 

The spectra of the chelates examined (Figs. 7-13), with the exceptions ofp-PAP 
compounds, are all similar. A parent peak is observed, but the peak due to the parent 
minus one ligand is stronger and very useful diagnostically. 
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308 556 

FIG. 9.-Mass histogram of chelate of nickel(H) and O-U-PAN. 
Temp. 380°C. uw* = scale shortening. 

Zinc(o-PAP),. Zinc has 5 naturally occurring isotopes, with the following mass 
and abundance: 64(48-g%), 66(27*8%), 67(41%), 68(18*6%) and 70(0.6’$$). These 
make easy the identification of zinc-containing fragments in the spectrum. The major 
fragmentation pattern of the chelate is 

ZnC,,HIBN,O, ~~~~% ZnC!,,H,N,O ~c’~~~% ZnC,H,N 

464,462,460 266,264,262 146,144,142 

with loss of one ligand followed by cleavage to give monopryidinezincate (146,144,142) 
and azophenolate (121). The ligand fragments follow the fragmentation pattern of 
the parent ligand. The large peak at 170 due to the ligand minus nitrogen and hydro- 
gen, and the absence of a metastable peak at 169, show that a proton is lost during 
chelation; the parent peaks at 464, 462 and 460 demonstrate a stoichiometry of 
1: 2 metal : ligand. The spectra thus confirm the results of solution studies. 

There are also minor peaks containing zinc at P - 28 and P - 121, where P is the 
parent peak m/e, corresponding to loss of nitrogen and azophenolate respectively. 

NickeZ(o-PAP),. The doublet due to the most abundant isotopes of nickel, 
mass 58 and 60 and abundance 67.9% and 26.2%, enable nickel-containing fragments 
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FIG. IO.-Mass histogram of chelate of copper(H) and o-a-PAN. 
Temp. 370°C. VW* = scale shortening. 
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FIG. Il.-Mass histogram of chelate of cobalt(I1) and o-u-PAN. 

Temp. 380°C. - = scale shortening. 
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FIG. 12.-Mass histogram of chelate of copper(I1) and O-B-PAN. 
Temp. 380°C. - = scale shortening. 
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FIG. 13.-Mass histogram of chelate of copper(U) and p-PAP. 
Temp. 360°C. WY* = scale shortening. 
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to be readily identified. The spectrum is identical with that for Zn(o-PAP), when 
the difference in atomic weight is taken into account. 

Manganese (o-PAP),. There is only one stable isotope of manganese, but when 
allowance is made for this and the difference in atomic weight the spectrum (Fig. 8) 
is almost identical with that of Zn(o-PAP),. The major difference is the appearance 
of a peak at 55, which if due to manganese-55 implies a change of oxidation state 
from II to I. 

Chelates formed between o-a-PAN and zinc(H), nickeI(ZZ), manganese(IZ) 

The spectra and fragmentation pattern of these chelates is completely analogous 
to that of the corresponding o-PAP chelate; that of Ni(o-a-PAN), is shown (Fig. 9); 

Copper (o-a-PAN),. Copper has 2 stable isotopes of comparable abundance. 
63 (69-l %) and 65 (30.9%). The most unusual feature of the spectrum is that there 
is no evidence of the expected doublet at M and M + 2, where M is the value of 
m/e for any ion containing copper-63 (Fig. 10). In all other respects the spectrum is 
in accord with that expected for copper-63. The possibility of the spectrum being a 
memory can be discounted because the spectrum shows the presence of o-a-PAN 
and peaks at m/e >249 which are not found in the other o-a-PAN chelate spectra. 
The possibility of o-a-PAN chelating with copper-63 preferentially is not in accord 
with general chemical experience or the results of solution studies on the system. 
Further, the spectrum we have obtained of copper acetylacetonate shows the expected 
isotopic pattern. This curious behaviour is being investigated in more detail. 

Cobalt (o-a-PAN),. We have not yet examined the solution chemistry of the 
reaction between cobalt(H) and o-a-PAN, but the complex formed with o+PAN 
is unstable in air. The spectrum of Co(o-a-PAN), (Fig. 11) shows signs of decomposi- 
tion not observed in the other spectra of o-a-PAN chelates. There are several peaks 
unaccounted for and a large peak at 44 due to carbon dioxide. However, there is a 
parent ion peak at 555 confirming the 1:2 stoichiometry of the chelate, and a peak 
at 307 corresponding to the 1: 1 chelate fragment, which suggests that the general 
fragmentation pattern is the same. 

Chelates formed between o-/?-PAN and zinc(U), manganese(IZ) and copper 

The spectra were very similar to those of the corresponding o-PAP and o-a-PAN 
chelates; Fig. 12 is representative. One difference is that the parent peak is much 
smaller than it is in the spectra of o-PAP and o-a-PAN chelates, where it is always a 
major peak and in one instance, is the base peak. The expected isotopic distribution 
is not found in the spectrum of the copper chelate, which behaves as though copper-63 
were the only stable isotope of copper. 

Chelates between p-PAP and copper( nickel(H), cobalt(ZZ) and iron 

p-PAP forms chelates with fewer metals than o-PAP and those that are formed 
have different solubilities. For example, the manganese chelate is not formed. 
These differences are explained by the facts that p-PAP is bidentate and that the 
ionizable proton is not at the centre of chelation. Thus, in the neutral chelate the 
ligand is probably in the quinonoid form and has adducts such as ammonia or water 
if the metal ion is in an octahedral configuration. Support for these deductions is 
found in the spectra, which are quite different from those discussed above. 



Transition-metal ion chelates 1237 

The compounds are much less volatile and the spectra were obtained at the maxi- 
mum temperature of the probe. Under these conditions the chelate falls apart and 
the major peaks in the spectrum are those observed for the free ligand ion. In the 
spectra of the copper, nickel and cobalt complexes there are several common minor 
peaks of great interest. The copper chelate (Fig. 13) is taken as typical; the figures 
are based on copper-63, again the only isotope appearing in the spectrum. The peak 
at 459, corresponding to Cu(p-PAP),, is observed, but in addition there are peaks at 
439,467 and 495. The latter could correspond to two water molecules or two ammo- 
nium ions. The spectra are not of sufficiently high resolution to decide unambiguously 
between these two. The peaks at 467 and 439 could correspond to the successive 
loss of nitrogen from 495, as in the minor pattern noted with o-PAP chelates. The 
spectra are too weak to show with certainty the metastable peaks accompanying 
these losses. The peaks between 495 and 198, the ligand ion, are common to all the 
spectra and therefore do not contain the metal ion. They must be peaks due to 
recombination of the ligand fragments of the type noted in the spectrum of bis[2-(4 
toluenesulphonamido]anilinecopper(II). It is not at all clear what the peaks actually 
correspond to but the following suggestions are in accordance with the observed mass 
differences: 311, loss of copper (63) and phenylazo (121) from parent; 339 and 246, 
loss of copper and one or two phenoxide (93) fragments from parent; 368, loss of 
copper and two water molecules from parent; recombination of the fragments re- 
maining after these losses take place. Spectra of higher resolution are clearly required. 

The spectrum of the cobalt complex does not show a parent ion peak at the 
expected value, but a peak at 246 suggests that it, like copper and nickel, has two 
co-ordinated water molecules. 

The ion abundance, A, of the iron complex is given below. There are no peaks 
greater than that of the ligand ion, 198, but the fact that 199 is absent, i.e., no pro- 
tonated ligand, suggests that it conforms to the major fragmentation pattern of the 
other p-PAP chelates. 

mle 198 170 154 142 121 93 78 65 52 51 39 28 

A, y0 1.8 45.4 1.6 3.0 26.6 100 17,9 42-O 15.6 76.3 32.9 7.9 

Comparison of results from mass spectra and solution sttidies 

Ligands. It is difficult to prepare pure PANS and sometimes difficult to prove the 
identity of the isomer isolated. Because of the large molecular and equivalent weight, 
elemental analysis and titration to determine the equivalent weight can give uncertain 
results. Mass spectrometry is very useful in these circumstances, provided the com- 
pound is volatile and stable enough to give a reasonable spectrum. It is especially 
valuable as a method of quality control during purification steps. There are small 
differences between the spectra of o- and p- compounds and these were sufficient to 
confirm that o-or-PAN was incorrectly identified, as p-a-PAN, when first examined 
as an analytical reagent .D Whether this evidence is preferable to that from infrared 
spectra is a matter of taste and experience; both methods give correct identification 
of the isomer, provided that there is a sufficient number of reliable reference com- 
pounds available, but neither explains the large difference in pKon between o-a-PAN 
and o-p-PAN, which was the cause of the original misidentification. 

Chelates of o-a-PAN and o-/l-PAN. In solution work it is generally found that 
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o-cc-PAN forms complexes more rapidly and with no ambiguity about the stoichiom- 
etry. We feel that it is better than o-B-PAN, which is nevertheless a very good 
analytical reagent. The mass spectra of o-a-PAN chelates show a constant stoichiom- 
etry of 1:2, a large parent peak and no adducts such as ammonia or water. The 
spectra of o-p-PAN chelates are identical except for the smaller parent peak. From 
these results it is possible to deduce that the ligands are terdentate and that the 
complexes are stable, but that those of a-a-PAN are the more stable. 

The 19 stoichiometry of the copper(H) complex of o-@-PAN is most interesting, 
especially as the ratio of the peak of the I : 1 complex to the parent peak is not notice- 
ably greater than that found for the other Q-PAN chelates. The relative importance 
of the 1: 1 and 1:2 complex in solution has been controversial from the time of the 
second measurement of the stability constants. The best assessment of the published 
work2 is that the 1: 1 complex is much more stable than the 1:2 complex and that 
in the latter o-b-PAN is bidentate. The recent crystallographic study by Fernando2 
would seem to have confirmed this view, but the mass spectrum suggests that the 
1: 2 complex is stable and the ligand is probably terdentate. The single crystal for the 
X-ray study was grown from a weakly acid solution whereas the compound was 
precipitated from alkaline solution in this study, but further work is needed to establish 
whether this is an important difference. The mass spectrum is singularly useful in 
determining the stoichiometry in this instance, because several workers have found it 
difficult to obtain a satisfactory elemental analysis of this chelate. The instabi~ty of 
the cobalt complexes and the complexity of their spectra have been noted above. 

Chelates of o- and p-PAP. The mass spectra of o-PAP chelates support the con- 
clusions of solution studies12-14 and are so clear that they could usefully have preceded 
a solution study. The same cannot be said of the rather confusing spectra ofp-PAP 
chelates. However there are points of interest that derive from the spectra. First, 
the spectra indicate the likelihood of mixed complexes being formed; this has not 
been inferred from the solution studies made to date. Second, the absence of adducts 
in the o-PAP spectra suggests that the ligand is terdentate, a view supported by 
solution and X-ray studies. Third, a correct assignment of the rearrangement frag- 
ments in the spectra ofp-PAP chelates would be very valuable in deducing the correct 
stereochemical arrangement of the isomer; this type of information is not available 
from solution work and promises to be an area where mass spectrometry can con- 
tribute most to the understanding of chelates. 

Fragmentation patterns of mass spectra 

In addition to the spectra discussed above, the mass spectra of chelates of acetyl- 
acetone,lb benzoylacetone, 1% ~,~‘-e~ylenebis-(benzoylpropy~denei~ne),l? 8-hy- 
droxyquino~ne,18 dimethylglyoximel* and 2-(4-toluenesulphona~do)a~ilin~ have 
been recorded. Although it is already obvious that there are great differences in the 
fragmentation patterns of the different chelates, there are several points of similarity. 
Spectra which are clean and have a well-defined parent peak show evidence of frag- 
mentation by loss of one ligand molecule as a first step. Spectra without a parent 
peak may exhibit rearrangement of ligand fragments,21 which is useful in supple- 
menting other studies but can be confusing initially (unless high resolution spectra 
can be obtained). 

The stoichiometry suggested by the spectra must be interpreted with care, because 
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the peaks due to fragments of lower stoichiometry may be so much more intense than 
the parent that the parent peak is not detected. Thus the operator of the spectrometer 
must ensure that the part of the spectrum corresponding to the parent peak is scrupu- 
lously examined. We have also obtained the spectra of several acetylacetonates, 
which are in good agreement with those already published. There is no evidence of 
the hydrates or polynuclear chelates known from X-ray and solution work to existT8 

L Although absence of a peak may not be conclusive, presence of one is, and this may 
be extremely valuable in resolving a difficult problem of stoichiometry. 

Shannon and SwaS have argued that the number of electrons in a fragment is 
important for stability and that stability of chelate fragments may be obtained by 
change in oxidation state. We have only found good evidence of such changes in 
the chelates of manganese; none in the chelates of cobalt and copper, which would be 
expected to behave in a similar manner. However, we cannot be dogmatic about 
this because the spectrum has so many peaks at the lower end that we were unable to 
determine the final fate of the metal ion. The calculated energies of the bonds in 
amine complexesz3 suggest that in a chelate the metal ligand bond may be the weakest, 
so the two postulated routes-loss of one or both ligands-may be the most likely, 
regardless of electron balance. Certainly it is true that a much greater difference 
exists between spectra of complexes of the same metal with different ligands than 
between complexes of the same ligand with different metals. 

We have noted that the spectra of the copper chelates do not show the expected 
isotopic distribution. This is an observation which we are unable to explain, but if the 
phenomenon is more widespread it could cause confusion in spectral interpretation. 

Acetylacetonates and chelates of O-PANS and o-PAP sublime and this may be a 
significant factor in their spectra being well defined and containing a parent peak. 
However useful spectra m+y be obtained with unstable or involatile compounds. 

CONCLUSION 

Low resolution mass spectra of metal chelates of pyridylazophenols and naphthols 
can be easily obtained and are very valuable in interpreting or confirming the findings 
of other methods. There are limitations to the method and it is fundamentally a 
supplementary method. The 1: 1 chelate fragments are very well defined and it may 
be possible to base analytical methods on them. 

Acknowledgement-We are grateful to the T. and E. Williams Trust for a maintenance grant to one 
of us (D. 3.). 

Zusammenfassung-Die Massenspektren van 2- und 4-(2-I+idylazo)- 
phenol, 2-(2-Pyridylazo)-l- und 1-(2-Pyridyiazo)-2-naphthol und 
mehreren Chelaten dieser Verbindungen mit Mangan@), Kobalt(I1). 
Ni~kel~I), Kupfer(I1) und Zink(II) werden diskutiert. Vergleiche 
werden angestellt mit den Ergebnissen von Unte~uchungen der 
Bildung derselben Chelate in L&q. 

R&m-n discute des spectres de masse des Z- et 4-(2-pyridylazo) 
phknol, 2-(2-pyridylazo)l- et I-(2-pyridylazo)2-naphtol et de plusieurs 
chelates de ces composCs avec: mangan&se(II), cobalt(H), nickel(II), 
cuivre(I1) et zinc@). On effectue des comparaisons avec les r&.ultats 
dVtudes en solution de formation de complexe des mtzrmes chklates. 
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Summary-A comprehensive and critical review of analytical methods 
used in nuclear fuel technology. 

THE oxides, carbides, nitrides, silicides and phosphides of plutonium and uranium 
possess in varying degree the properties of chemical integrity, high melting point, 
high density and high thermal conductivity, which are attractive to the nuclear fuel 
technologist. The evaluation of these materials from the scientific and economic 
point of view calls for considerable technical effort requiring analytical support at 
various stages. These stages and the analytical support required can be summarized 
as follows :- 

1. 

2. 

3. 

4. 

Preparation of an individual compound on the gram scale. Analysis is required 
to define stoic~omet~. 
Preparation of mixtures of compounds with the addition of fission products and 
other elements for phase diagram studies. Analysis is necessary to determine 
the final composition, which might have changed from that intended during 
the course of preparation. 
Preparation of potential nuclear fuels for irradiation testing. Analysis is 
required to control the com~sition within the limits specified and to check 
homogeneity. 
Post-irradiation examination. An important requirement for any experimental 
fuel is a study of its behaviour under irradiation in a nuclear reactor. After 
the irradiation of test specimens, one of the main requirements from the 
analytical chemist is the determination of burn-up, or the degree of irradiation, 
undergone by these specimens. 

Two major difficulties are common to all four stages defined above. First, the 
ceramic nature of the materials poses a difficult problem at the outset of any pro- 
jected chemical analysis, and secondly the radioactivity, K in stages 1-3 and C&J in 
stage 4, imposes handling and other restrictions during the analytical procedure. 
Both these di~culties infiuence the selection and development of methods of analysis, 
and detailed recommendations for each type of material are given. The ceramic 
materials mentioned above have not all been fully evaluated as nuclear fuels, and for 
this reason the section on post-irradiation examination is limited to the oxides and 
carbides of plutonium and uranium. 

PRE-IRRADIATION ANALYSIS 

The ceramic nature of the materials poses a difficult dissolution problem at the 
outset of any projected chemical method of analysis, and the radioactivity of the 
plutonium demands careful handling in glove boxes during the analysis. 

1241 
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Methods of dissoIution 

The method of dissolution used depends not only on the chemical nature of the 
ceramic but also on the element to be determined. Table I indicates the wide variety 
of materials with which experience has been gained in the Analytical Sciences 
Division at A.E.R.E. 

Oxides. Plutonium dioxide, particularly after ignition at high temperatures 
(> 1000”) is notoriously difficult to dissolve in mineral acids.lM3 Fusion in ammonium 
bisulphate is the preferred method of dissolution before electrochemical methods* of 
determination, but the more rapid sodium peroxide sinter has been employed as a 
preliminary to the spectrophotometric determination of plutonium.6 If the plutonium 
dioxide is in complete solid solution with uranium dioxide the material can be 
dissolved in hot 8M nitric acids but this condition cannot be assumed in unknown 
samples. 

Carbides. The acid dissolution of heavy element carbides is always accompanied 
by the liberation of graphite and a mixture of organic products.’ These are undesirable, 
particularly if electrometric or spectrophotometric methods of analysis are to be 
employed. This difficulty can be minimized by carrying out the initial dissolution 
with hot 8M nitric acid, which prevents the deposition of graphite and solid organic 
products, followed by evaporation to fumes of sulphuric acid and wet oxidation of 
organic matter with nitric acid. The use of fuming perchloric acid, although highly 
effective for the destruction of unwanted organic material, is considered to be too 
dangerous to be employed routinely under the conditions normally prevailing in 
glove-box operations. There would, however, be no objection to the use of fuming 
perchloric acid in plutonium analytical chemistry in a suitable fume-cupboard, but 
under these conditions the quantity of plutonium used should not exceed 10 mg. 

An alternative approach to the dissolution of a carbide material is to carry out 
a controlled oxidation in air at low temperature, and subsequently treat as an oxide. 
Some work has been carried out on the direct fusion of carbide materials in a sodium 
peroxide/sodium hydroxide fusion mixture. * This has been found to be especially 
useful for the complete dissolution of carbides containing chromium9 and ruthenium.lO 

Nitrides. The nitrides of plutonium and uranium differ considerably in their 
behaviour on dissolution in mineral acids. Plutonium mononitride dissolves readily 
in hydrochloric acid with quantitative hydrolysis of the nitride radical to the ammonium 
ion, which can then be subsequently determined by the Kjeldahl method.ll Uranium 
mononitride can only be dissolved with difficulty in hydrochloric acid with the addi- 
tion of hydrofluoric acid, but again the Kjeldahl method is applicable.ls There is 
therefore no difficulty in analysing binary mixtures of these two mononitrides. The 
higher nitrides of uranium (UNr+_._,.,) are much less readily attacked by mineral 
acids, and complete dissolution is only obtained after prolonged treatment with 
hydrochloric acid plus hydrofluoric acid in the presence of sodium selenate or 
potassium chlorate, or with a mixture of phosphoric and sulphuric acids. This type 
of attack invariably results in low recoveries of nitrogen by the Kjeldahl technique, 
but it can of course be employed for the determination of the uranium content. 
A more satisfactory approach to the dissolution of the higher nitrides of uranium 
involves heating at 195” in hydrochloric acid in a sealed tube,13 since under these 
conditions no loss of nitrogen occurs. 

Phosphides. The behaviour of phosphides of uranium towards acid dissolution 
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is similar to that of the nitrides. There is a tendency to lose phosphine if the dissolu- 
tion is not carried out carefully,14 and the higher phosphines are much more resistant 
to acid attack. In all cases a more satisfactory approach is to sinter the sample in a 
3: 1 mixture of sodium peroxide and sodium carbonate, and then to extract the melt 
with dilute nitric acid. 

Silicides. The silicides of uranium and plutonium can be readily dissolved in 
hydrochloric acid with the addition of hydrofluoric acid to disperse the silica, and 
this approach is suitable for the determination of the metallic contents. Alkaline 
fusion and alkaline peroxide sintering of these silicides are unsatisfactory, resulting 
in losses of silicon as silane or incomplete dissolution at the acid leaching step. 
Satisfactory results can be obtained if the silicides are first oxidized by ignition in 
air 15816 

The addition of the elements molybdenum, iron, chromium, cerium and ruthenium 
to the ceramic systems discussed above has not created any additional dissolution 
difficulties and the relevant information is included in Table I. 

Methods of separation in the analysis of ceramic materials 

Owing to the difficulties inherent in handling radioactive materials in glove boxes, 
chemical separations are avoided whenever possible, but, if unavoidable, ion-exchange 
or chromatographic techniques are preferred because of the simplicity of the apparatus 
required. The anion-exchange separation of quadrivalent plutonium from uranium, 
iron, molybdenum, cerium and many other elements, in 8M nitric acid, has been 
widely used17-20 with satisfactory results. The technique is eminently suited to the 
separation and concentration of plutonium before its determination by spectro- 
photometric measurement. 21*22 Careful attention must be given to the adjustment 
of the oxidation state of the plutonium before passage of the solution through the 
ion-exchange column, and details of the procedure used have been given.% Difficulty 
has been experienced in attempting to apply controlled potential coulometry to 
solutions after anion-exchange separations. Degradation products from some ion- 
exchangers resist oxidation in solution and then interferein thecoulometricprocedures 
by poisoning the platinum working electrode. 23 Cation-exchange separation has 
also been used to separate plutonium(III) from silicate solution,16 and to remove 
uranium(V1) from phosphate solution. l4 Reverse-phase partition chromatography 
with tri-n-butyl phosphate(TBP) supported on Kel-F has been employed for separating 
plutonium and uranium from iron. It has been shown to be a suitable technique 
of separation before the controlled potential coulometric determination of plu- 
tonium.23 General application of this technique has been restricted, however, because 
of changes from batch to batch in the surface characterization of the Kel-F leading 
to variations in the amount of absorbed TBP. Solvent extraction techniques, particu- 
larly those employing volatile combustible solvents, are undesirable in the confined 
volume of a radioactive glove box, and hence have been avoided whenever possible. 
The separation of ruthenium as the tetroxide from plutonium and uranium by 
extraction into carbon tetrachloride has, however, been found preferable to separation 
by distillation from perchloric acid solution.1° 

Methods of determination, metallic constituents 

The main constituents of most of the ceramic materials for analysis are uranium 
and plutonium, and these elements may be determined by a variety of methods. 



1244 G. W. C. MILNER, G. PHILLIPS and A. J. FUDGE 

TABLE I.--THE DISSOLUXON OF PLUTONIUM AND URANIUM CERAMIC MATERIALS 

Material Mineral acids 

Dissolve in 
HNO,/HF (dissol- 
ves with 
difficulty). 

Sinter at 400°C 
(a) or fuse at 
600°C (b) in 1:l 
Na,O#/NaOH. 
Extract into HCI. 

Alkaline fusion Ammonium High temperature/high 
bisulphate fusion pressure dissolution 

Fuse at 400°C (c) 
for 4 hr. Extract 
into HISOP. 

PuO,/UO, 

PUC, UC, 
PuC/UC 

PUN 

UN, PUN/UN 

up, w, 

USi 

PuSi, PuSiC 

(Pu, U)C-Fe 

(Pu, U)C-MO 

(Pu, U)C-Cr 

(Pu, U)C-Ce 

Dissolve in 
8M HNO*, if in 
solid solution. 
Dissolve in 
mineral acids, 
(organic deposits 
are formed). 

Dissolve in 
mineral acids 

Drssolve UNG~.~ 
in HCl/HF (there 
is no loss of Nz) 
Dissolve UN,.& 
in HCl/HF in the 
presence of 
oxidizing agents 
(there is some 
loss of N#) 
Dissolve in HCl/ 
I-INOJ, (there is 
loss of PHS). 

Dissolve in 
HCl/HF (there is 
some loss of Si) 

Dissolve in 
HCl/HF, (there 
is some loss of 
Si). 

Dissolve in 
8M HNO,. Evap- 
orate to fumes 
with HISOd to 
destroy organic 
residues. 
Dissolve in 
6MHCl-t HNOs 
(organic residues 
are formed) 

Fuse at 6OOC 
(b) in 1: 1 
Na,O%/NaOH. 
Extract into 
mineral acid. 
Hydrolyses 
readily in 
aqueous alkali. 

Sinter at 350°C 
(d) in 3: 1 Na,O,/ 
NapCOs. Extract 
into HNO,. 
Ignite to oxide, 
fuse with NasCOs 
(4. Extract 
with HCl. 
Ignite to oxide. 
Sinter in 1: 1 
NasOs/NaOH (a). 
Extract into 
HCl. 

Sinter at 400°C 
(a) with 1: 1 
Na,O,/NaOH. 
Extract in HNOs 

Dissolve in 
8M HNO,. Evap- 
orate to fumes with 

Fuse at 400°C (c) 
for 4 hr. Extract 
into HISO,. 
Ignite to oxide and 
treat as PuO,/UO, 
(c) 

UN<r.& dissolve in HCl. 
UN,,., dissolve in 
HCl/HF. 

UC-Ru Fuse at 600°C 
(b) in 1:l 
Na,Oa/NaOH 

(a) Pt crucible (c) Pyrex vessel I I\ .I. . . . 
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Owing to the radioactive nature of the samples, we have concentrated on methods 
that need only limited handling of the sample, or its solution, in glove-box or fume- 
cupboard facilities. Preference has been given to methods possessing some degree 
of specificity for uranium or plutonium, together with reasonable sensitivity and 
adequate precision. The methods selected are summarized in Table II and comments 
on our experiences with these methods are as follows. 

Plutonium. The spectrophotometric determination of plutonium(III) by absorptio- 
metric measurement at 565 m,u is preferred for the analysis of systems containing 
only plutonium and uranium (e.g., PuO,/UO,, PuC/UC or PUN/UN). For samples 
containing more than 10% plutonium the determination can usually be carried out 
without separation from uranium, but the measurement must be made differentially 
in order to obtain adequate precision for the determination.21*22 For samples con- 
taining l-10 % plutonium, either a separation must be carried out, or the appropriate 
amount of uranium must be added to the plutonium standard solutions employed 
in the differential measurement. A quantity of 25-50 mg of plutonium is required 
for each determination, and the operations of dissolution, oxidation-state adjustment 
and absorptiometric measurement must all be carried out in glove boxes. 

Redox methods are more convenient for the precise analysis of samples con- 
taining smaller amounts of plutonium in the presence of other constituents in add- 
ition to uranium. Controlled-potential coulometry is a very suitable technique and 
we have used it for the analysis of sample aliquots containing about 5 mg of 
plutonium in the presence of uranium,= chromiums and cerium.sO A coefficient of 
variation of i-0-25 % is obtained on using the oxidation-reduction of the Pus/PuM 
couple at a platinum working electrode. Unfortunately ironinterferes in this determina- 
tion owing to the proximity of the E” value of the Fe2+/Fe3+ couple. Attempts have 
been made to overcome this interference by the use of complexing agents. In principle 
this can be done by complexing the iron with l,lO-phenanthroline at pH 2.0 before 
carrying out the plutonium determination. In practice the presence of 1 ,lO-phen- 
anthroline in solution causes low recoveries for plutonium to be obtained, by 
poisoning the platinum working electrode .2s However, it has recently been reported 
that this effect is not obtained with a gold electrode.M Plutonium can be determined 
by a redox method in the presence of iron provided that the determination is based 
on the PuO,U-/Pu* couple. It has been found more convenient by the authors to 
carry out this determination by means of a potentiometric titration, although a 
controlled-potential coulometric method has been reported.= The potentiometric 
titration has been used for the accurate determination of plutonium with a precision 
of better than 0*20’% (coefficient of variation) for about 5-mg amounts of plutonium 
or less. This method is particularly useful after the dissolution ofplutonium-containing 
ceramic materials by fusion with ammonium hydrogen sulphate.4 

Uranium. Although a differential spectrophotometric method is available for 
the determination of uranium, it is not very attractive since a uranium concentration 
of 40 mg/ml is required for each determination. Redox methods of analysis possess 
more desirable features. For example, the controlled-potential coulometric determina- 
tion of uranium by reduction of U02 2+ to U4+ at a stirred mercury poolz9 is now an 
established technique, and it can be used in the presence of cerium, chromium, pluto- 
nium and iron. We have experienced some difficulty with the use of U,O, as a standard 
material as compared with absolute electrical calibration. Recoveries of 100.5 % were 
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obtained relative to the quantity of U,O, taken. However, this discrepancy does not 
arise on taking pure uranium metal as a standard material, and accurate determina- 
tions may be carried out on 5-10 mg of uranium with a precision of O-25 % (coefficient 
of variation). 

Moiybdenum. The differential spectrophotometric determination of molybdenum 
by absorptiometric measurement of its thiocyanate complex at 500 m,u following 
anion-exchange separation from plutonium has been employed with satisfactory 
results in the analysis of (Pu, U)C-MO samples containing up to 10% w/w of molyb- 
denum. Conversion of this carbide into its corresponding oxide by ignition is 
undesirable because of the probable loss of molybdenum by volatilization. The 
direct dissolution of this carbide in hot 8M nitric acid, in order to minimize the forma- 
tion of organic products, tends to encourage the precipitation of molybdenum as a 
hydrated oxide. This difficulty can be overcome by starting the dissolution with 
hydrochloric acid, foIlowed by the addition of 8&f nitric acid. This procedure results 
in the formation of both soluble and insoluble organic matter, but this does not 
interfere with the adjustment of the oxidation state of the plutonium nor with the 
anion-exchange separation. Some organic material is retained by the ion-exchange 
column, and the remainder is destroyed by oxidation with a mixture of nitric and 
sulphuric acids as a preliminary to the formation of the molybdenum thiocyanate 
complex. The final absorptiometric measurement can be carried out in the presence 
of uranium with a precision of O-5 % (coe~cient of variation). 

Ruthenium. Spectrophotometric methods are the most suitable for the determina- 
tion of minor quantities (< 1 mg) of this element. Ruthenium has been determined in 
UC-Ru and (Pu, U)C-Ru samples by measurement of a chloro-complex of ruth- 
enium(IV) at 485 m,u after a solvent extraction separation. Carbide samples are 
first dissoIved by fusing with sodium peroxide/sodium hydroxide at 600” in an 
alumina crucible. The cooled melt is extracted with water and the resulting solution is 
acidified with hydrochloric acid. The ruthenium is oxidized to the quadrivalent 
state with sodium hypochlorite before extraction with carbon tetrachloride. After 
back-extraction into sodium hydroxide solution containing sodium bisulphite, the 
solution is acidified with hydrochloric acid and heated to 100” to produce a stable 
chloro-complex of ruthenium. The absorbance of this complex is measured at 
485 rnp and a correction made for any slight losses of ~thenium occurring in the 
separation process, on the basis of a ruthenium-103 tracer measurementlo The 
precision of the ruthenium determination in this type of sample is f0.5 % (coefficient 
of variation). During investigations into the nature of the ruthenium chloro-complex 
produced by fusion with sodium peroxide and hydroxide, it was noted that the acid 
solution could be reduced and decolourized at a potential of +0*05 V 2fs, the S.C.E. 
with a platinum electrode. This reduction, which was irreversible, corresponded to 
a l-electron change, and could be used for the controlled-potential coulometric 
determination of ruthenium in the presence of uranium, but not in the presence of 
plutonium. The precision obtained was f 1.6 % on l-4 mg of ruthenium. 

&on. Controlled-potential coulometry is suitable for the determination of l- 
10 mg amounts of iron in 0.5M sulphuric acid solution with a precision of O-1 %, and 
in the presence of uranium. Although the technique cannot be applied directly 
to the determination of iron in (Pu, U)C-Fe cermets it can be used to determine the 
total Fe + Pu based on the Fe2+/Fe3+ and Pt?/Pu*+ couples. The plutonium content 
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is then determined independently by the potentiometric titration based on the 
reduction of Pu(VI) to Pu(IV), and the iron content is obtained by dif7erence.26 

Cerium. Redox methods are very suitable for the determination of this element, 
and bourns can be reduced ~ouIomet~cally at the ptatinum electrode at a potential 
of f-O-90 V vs. the S.C.E. This reduction can be carried out in the presence of 
uranium and plutonium provided that both elements have been previously oxidized 
to their highest oxidation states. Silver@) oxide is used to oxidize the cerium to 
the quadrivalent state and the plutonium and uranium to the sexivalent state. Excess 
of oxidant is readily destroyed by adding su~pha~c acid to the cold solution. This 
procedure has been applied to a sofution of (Pu, U)C--Ce prepared by dissohttion 
in hot 8M nitric acid, followed by evaporation to fumes of sulphuric acid. Cerium 
has been determined on an aliquot of this solution, containing l-2 mg of cerium, 
with a precision of kO.25 % (coefficient of variation).lg 

The choice of methods available for the analysis of the non-metallic constituents 
of the ceramic materials quoted above is not nearly so wide as that for the metalhc 
ones. Furthermore, although the non-metallic content of the carbides, nitrides, 
phosphides and silicides of uranium and plutonium is low at between 5 and 15 % w/w, 
the necessity to define the stoichiometry of the materiafs as clearly as possible calls 
for the use of methods of the highest precision and accuracy. There is therefore a 
tendency to select classical methods of analysis which can be used as reference methods 
in the development of more rapid instrumental techniques of analysis. 

Carbon in carbides. All the standard methods of carbon determination involve 
combustion to carbon dioxide in a stream of oxygen followed by some technique for 
trapping the carbon dioxide before measurement of the quantity produced. In order 
to avoid segregation di~cuities, a sample weight of 0%1.0 g was chosen so as topro- 
duce up to 100 mg of carbon dioxide on ignition. This quantity of carbon dioxide 
proved difficult to trap in aqueous reagents, and the gravimetric determination using 
solid absorbents was too time-consuming. Modification of the Cook and Speight 
equipment for measuring the pressure of the carbon dioxide produced proved to be 
relatively simple, and this modified apparatus gave precise results (coethcient of 
variation @3 %) with a high sample throughout. The apparatus could also be con- 
venient’fy arranged with the sample preparation and combustion inside a gIove box 
and with the gas-handling and vacuum equipment situated in the open laboratory.26 

Nitrogen in nitrides. Methods for the determination of nitrogen in nitrides involve 
conversion into ammonia, or release as nitrogen gas from the sample. Selection of a 
suitable technique for the analysis of uranium and plutonium nitrides is comported 
by the range of stabilities of these materials, plutonium nitride ~ingreadilyhydro~ys~ 
in moist air and the higher nitrides of uranium being extremely resistant to hot 
mineral acids. The most suitable methods of dissolution are summarized in Table I 
and further details are reported elsewhere. 12*13 When the complete dissolution of a 
nitride has been achieved, the distillation of the ammonia formed and its titrimetric 
dete~nation present little di~~ul~. Under glove-box conditions, however, it has 
been found more satisfactory to displace the ammonia with argon rather than steam 
and a higher sample throughout can be maintained .12 The Dumas method of nitrogen 
determination in which the nitride is converted into nitrogen gas, although useful as a 
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reference method of analysis for the higher nitrides of uranium, does not appear to 
possess any special advantage and is extremely slow.2’ 

Phosphorus. Work on the determination of phosphorus in heavy element phos- 
phides has been restricted to the analysis of UP and UsP,. Details of the dissolution 
technique are given in Table I and the phosphorus was determined gravimetrically 
after precipitation as ammonium phosphomolybdate under carefully controlled 
conditions.14 

Silicon. The determination of silicon in uranium/plutonium silicide and plutonium 
silicon carbide samples presented little difficulty. In all cases it was found necessary 
to oxidize by ignition in air at 850” in order to avoid losses of silane during dissolution. 

TABLE IL-METHODS OF ANALYSIS OF PL~ONIUM AND URANIUM CERAMIC MATERIALS 

Method of 
Element Quantity determination Solution conditions Precision Comment 

Pu 

U 

Ce 

MO 

RU 

Ru 

Cr 

Fe 

C 

N 

N 
P 

Si 

25-50 mg Differential 
absorptiometry 
at 565 m/.4, 
4-cm cells. 

l-10 mg Controlled- 
potential 
coulometry 

l-10 mg Potentiometric 
titration 

5-10 mg Controlled- 
potential 
coulometry 

l-2 mg Controlled- 
potential 
coulometry 

0.5 mg Differential 
absorptiometry 
at 500 my, 
l-cm cells. 

40 pg-1 mg Absorptiometry 
at 485 rnp 

14 mg Controlled- 
potential 
coulometry 

1% Potentiometric 
titration 

l-10 mg Controlled- 
potential 
coulometry 

25 mg Manometric 
measurement of 
CO* 

5mg Kjeldahl 

5% Dumas 
10-15 mg Gravimetric 

lMHC1, 5% NH,OH, HCl 

Pus+/Pu4+ m 1M H,SO,, E” 
+ 0.50 V us. S.C.E. Reversible 

0.25 % No separation 
from U, Ce, Cr 

Oxidize with AgQ, destroy excess, 
add excess of Fe*+, back-titrate 
with Ce4+ 
UOpp+/U4+ in 1M HaSOp, electrol- 
vsis - @325 V vs. S.C.E. Irrevers- 
ible. 
Oxidize with AgO, destroy 
excess. Reduce at + 0.9 V 
us. S.C.E. 
Molybdenum thiocyanate complex 
in 2M HISOI 

0.2 % No separation 
from U and Fe 

0.25 % No separation 
from Pu, Ce, 
Cr, Fe. 

025 % No separation 
from Pu and U 

@5 % Separation 
from Pu 
required 

Quadrivalent chloro-complex in 
55M HCl 

5M HCl solution of the 
binuclear chloro-complex of 
ruthenium (IV). 
Irreversible reduction at 
+ 0.50 V us. S.C.E. 
1M HsSOI. Oxidize with AgQ, 
destroy excess, add excess of Fes+ 
back-titrate with Ce4+. 
Fe*+/Fe*+ in 1M H&SO,. E” 
+ 042 V us. S.C.E. Reversible 

Hydrolysis in HCl/HF(UN), or 
NaOH solution (PUN), or sealed- 
tube dissolution for higher 
nitrides of uranium 

- 
Ammonium phosphomolybdate, 
dried at 250°C 
Quinoline silicomolybdate 

0.1% No separation 
from U above 
10% Pu 

0.5 % Separation 
from Pu and 

1.6 % 
U required 
No separation 
from U 
required 

0.2% 

0.10% Separation 
from Pu 

0.30 % 
required 

0.5% 
0.5% 
0.9% 

0.5-1.0 % 
@2% 

10-20 mg Gravimetric 05% 
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The silicon was determined gravimetrically after precipitation as quinoline sili- 
comolybdate. In the case of plutonium silicates a separation was carried out in order 
to avoid co-precipitation of plutonium with the quinoline si~comolybda~.1s,~6 

POST-IRRADIATION ANALYSIS 

During recent years several chemical methods have been developed for the de- 
termination of the burn-up, or the degree of irradiation, undergone by specimens 
in irradiation experiments. Moreover, these are readily applicable to small specimens 
of fuel (metal, oxide or carbide) after dissolution in mineral acids. For larger fuel 
elements or test specimens, however, the chemical methods are used in conjunction 
with gamma-scanning which is empIoyed to determine the distribution of burn-up 
throughout specimens by indicating the distribution of selected radioactive fission 
products. s1 Gamma-scanning aids ‘in the location of areas from which samples 
should be taken for chemical bum-up analysis. 

Some confusion has existed over the definition of burn-up, but the definition 
considered by us to be the most meaningful is expressed as follows:- 

Atom % burn-up = 
Ft x 100 

NO 
t 

(1) 

where F+ is the total number of fission events that have occurred during the irradiation, 
and Nto is the total number of atoms of atomic weight greater than 225 present in the 
sample before irradiation. In order to use equation 1, it is necessary to determine 
Ft and NtO for each sample, and various methods of doing this have been developed 
and investigated. The chemical methods for Ft measure the total number of f&ions 
by determining the quantity of a fission product (stable or radioactive), or by measur- 
ing the change in the isotopic composition of the heavy elements in the fuel, Nto can 
be determined in metals and stoichiometric compounds by simply weighing the 
sample. This approach is very limited, however, and it is inapplicabb to more 
complex fuels containing inert diluents and mixtures of fissile materials. This difhculty 
is overcome by determining the total number of heavy atoms present, after irradiation, 
by chemical means. The bum-up of material, where significant bum-up has occurred, 
is then calculated by using the following modified form of equation 1: 

Atom % burn-up = 
I;; x 100 

Nt + -Ft 

when Nt is the total number of atoms of atomic weight greater than 225 in the sample 
after irradiation. 

At A.E.R.E. the isotopic dilution method of analysis is used extensively for the 
determination of the uranium and phrtonium contents of irradiated fuels. This 
technique employs a solid source mass spectrometer, and it is probably the most 
accurate and precise method of determining these elements at the microgram level. 
Precision and accuracy data have been reported by Webster and co-workers.32*35 
By working at the microgram level, safety and handling problems in the subs~uent 
chemical isolation of uranium and plutonium are reduced to a minimum. Even so, 
shielded cells and other special facilities are essential for the initial dissohrtion pro- 
cedures.54 
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The determination of the total number ofjission events (Ft> 

The chemical methods available for the determination of the total number of 
fission events can be classified as (1) methods based on fission products (stable and 
radioactive); (2) methods based on the isotopic analysis of the fissile material before 
and after irradiation. These methods are now well established and they are considered 
in greater detail in the remainder of this section. 

Fission product methods 

Stable jission-product nuclide method. There are several factors that dictate the 
choice of a nuclide for use as a measure of the number of fissions taking place during 
the irradiation of a specimen. The requirements of a stable fission product nuclide 
can be summarized as follows. 

(a) It must occur near the peaks of the fission yield curves. This minimizes 
errors due to variations in fission yield with neutron energy and fissile nuclide. 
Enough of the fission product must be produced for mass spectrometry without 
excessive amounts of highly radioactive samples having to be taken for analysis. 

(b) Preferably there should be at least one other stable isotope which is not pro- 
duced, or only produced in very small amounts, in fission. Determination by the 
mass spectrometric isotopic dilution method is then possible. 

(c) It must have a low capture cross-section for neutrons for itself and its 
precursors. 

(d) Its volatile precursors, if any, must be short-lived and remain in the specimen. 
(e) It must be easily separated on a carrier-free basis from radioactive species. 
cf> It must not occur in significant amounts in the un-irradiated samples, or be 

picked up in subsequent chemical separations. 
Molybdenum and neodymium are two elements with isotopes which meet most 

of these requirements. ss Molybdenum has four stable isotopes produced in high 
yield during fission, namely isotopes 95,97,98 and 100. The naturally-occurring iso- 
topes (92, 94 and 96) are not produced in any significant quantity in fission and 
isotope 92 can conveniently be used as a tracer isotope for isotopic dilution analysis. 
Isotopes 94 and 96 can be employed to indicate any contamination by natural molyb- 
denum. Neodymium has six stable isotopes which are produced in usable amounts 
in fission, isotopes 143,144,145,146,148 and 150. Naturally-occurring neodymium- 
142 is not produced in fission and can be used as a tracer for isotopic dilution analysis. 
The precursors that do exist are of short half-life and of low neutron-capture cross- 
section. The neutron-capture cross-sections of the neodymium isotopes are insignifi- 
cant except for isotope 143, which is about 300 barns. It is not considered advisable 
to use neodymium-144 unless the sample has undergone a very long period of cooling 
(8-10 years) because of the long half-life of cerium-144 (285 days). 

Although both molybdenum and neodymium meet the necessary requirements for 
isotopic dilution analysis, it has been possible to arrive at certain conclusions regarding 
the usefulness of these methods from experience in applying them to many types of 
samples, including metals, cermets, oxides and carbides. Undoubtedly the neodymium 
method has proved to be the one that is most widely applicable to different types 
of sample, The only difficulty has occurred on applying the method to very low 
burn-up samples after short cooling times. With such samples the amount of 
neodymium in the sample is so small that large sample weights have to be handled 
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in ajIy cells in order to recover enough material for subsequent mass spectrometry. 
The molybdenum method, on the other hand, must be restricted to low temperature 
irradiations of fuels because molybdenum has been found to form compounds with 
ruthenium, rhodium and technetium fission products. This effect increases with 
temperature and time. These compounds are insoluble in the mineral acids normally 
used to dissolve irradiated samples. In addition to this problem of insolubility, 
solutions of molybdenum in nitric acid are not very stable over a period of time. 
Also the contamination of samples with the naturally-occurring elements is a much 
greater problem with molybdenum than withneodymium. Inparticular, thereis serious 
contamination from molybdenum present in steel which is used as a cladding material. 

In view of the considerations above, much greater emphasis has been given to the ap- 
plication of the neodymium method to the analysis of irradiated samples. The tracer 
nuclide used in this work is electromagnetically-enriched neodymium-142. In using 
this method it is desirable to separate the neodymium from other sample constituents, 
so as to prevent interference from ions of similar mass numbers and to stop contamina- 
tion of the mass spectrometer with radioactive materials. Full details of the method 
of separation developed in this laboratory are to be published in the near future.3s 

The stable fission-product method is capable of a high overall accuracy because 
it is dependent only on the tracer calibration and the fission yield. It is not dependent 
on a knowledge of the fission rate or the time of irradiation of the specimen. Results 
agreeing to better than &2% have been obtained for almost all levels of burn-up, 
where careful control has been exercised in the chemical separation of the neodymium 
and in the subsequent mass spectrometry. The high precision that can be achieved 
is inherent in the isotope dilution technique. 

Radioactive fission-product nuclide methods. There are a number of radioactive 
fission-product nuclides available for the determination of the total number of fission 
events. The final choice of nuclides best suited for this purpose has been on the 
basis of length of half-life and ease of measurement of the emitted radiation. The 
chosen nuclide must fulfill the following conditions. 

(a) It must have a high gamma-ray abundance and fission yield for good sensi- 
tivity. Fission-product nuclides produced in high yield are also less dependent on 
changes in the incident neutron energy. 

(b) It must have a low neutron-absorption cross-section, and both the nuclide 
and its precursors must have a low volatility. 

(c) It must have a half-life at least as long as the time of irradiation. A short- 
lived fission product would not adequately record changes in fission rate that occurred 
early in a long irradiation. 

For most burn-up determinations the factors above limit the choice to the 
fission-product nuclides zirconium-95, cerium-144 and caesium-137 and these are 
considered individually in more detail as follows. 

Zirconium-95. In most samples received for burn-up analysis, zirconium-95 and 
niobium-95 are the major gamma-ray emitters, producing a single composite photo- 
peak at 0.75 MeV with a sodium iodide detector. Fortunately this peak can be 
resolved into the following components by using a lithium-drifted germanium 
detector-a photopeak at O-724 MeV for zirconium-95 and a partially resolved 
peak at O-756 MeV for zirconium-95 and at O-764 MeV for niobium-95. A spectrum 
of this pair of nuclides is shown in Fig. 1. 
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Channel number 

FIG. 1 .--Gamma spectrum of a5Zr/ssN b. 

In order to calculate burn-up from an activity measurement using this pair of 
nuclides, it is necessary to know the contribution of zirconium-95 alone. This 
presents no problem if the germanium detector is used. However, there are difficulties 
with the sodium iodide detector since the contribution from zirconium-95 must be 
calculated from a knowledge of the irradiation history of the sample. This increases 
the uncertainty of the determination. Another difficulty arises from the comparatively 
short half-life of 65 days for zirconium-95. Despite these limitations, zirconium-95 
is the only practical monitor for several irradiation conditions (see Table III). 

When a sodium iodide crystal is used, then a radiochemical separation of 
zirconium-95 is essential. The chemical method for the separation of zirconium-95 
from uranium, plutonium and fission products, before gamma-spectrometry, is 
based on the preliminary precipitation of zirconium as barium zirconyl fluoride.37 
After dissolution of this precipitate, the zirconium is precipitated as its mandelate 
which is finally slurried onto a counting tray with acetone. The tray is dried for 20 min 
in an oven at 130”. It is then cooled, weighed and counted. 

Cerium-144. The two major gamma-active isotopes of cerium produced in fission 
are cerium-144 with a half-life of 285 days giving a y-peak at O-134 MeV, and cerium- 
141 with a half-life of 32 days giving a y-peak at 0.145 MeV. The chemical properties 
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TABLEIIL-CHOI~~ OF ~urm-t.w hmmm 
-- 

Nature of material Low burn-up, Medium born-up High burn-up, 
under irradiation O-O+% O-S-10% greater than 10% 

Irradiation time Irradiation time Irradiation time 
Short Long 

IO-20 days ~200 days Short Long Short Long 

Low enrichment uranium (Nd)r,Zr Cs,(C# Nd,(ZrY Nd,(C@ 
o-7-5 % TJ (NW 

Medium enrichment (Nd)r,Zr Cs,Ce Nd,CGZrY 
uranium 560 5/m =U RrdF 

Nd,(CsY ;;g c-) (Nd)b 

High enrichment uranium (Nd)‘,Zr Cs,Ce, Nd,Ce,(Z@ 
60-93 % a@IJ (Nd)’ 

Nd,(CsY ;A$ +.+ (Nd)6 

Plutonium-239 CNdY,Zr Cs,Ce, Nd,Ce,(ZrY Nd, (CSY 
(NW 

;E +_+ O\Td)O 

Low emkhment uranhtm (Nd)l,Zr% Cs,(Ce)s Nd,Ce,(Zr)d 
plus piutonium (NdY 

Nd,(CsY ;pC ++ (Nd)8 

Medium and high enrich- 
ment uranium plus 

~d~s,(~~~ %iyY Nd,(W’,(ZrY Nd,KW ;yc ++ (Ndfs 

plutonium 

IAD =2 Heavy element isotopic analysis based on the the depletion of the major isotope, and 
nuclear data. 

IAC = Heavy element isotopic analysis based on the capture products, and nuciear data. 
Brackets are used to denote those methods that are less suitable. 

Notes on Table III 

I. Neodymium method can be difficuh to apply owing to excessive radioactivity. 
2. Allowance must be made for the difference in fission yields of *lZr from **W and ‘“Pu fissions. 
3. Allowance must be made for the difference in Bssion yields of l”Ce from rsaU and raDPu fissions. 
4. Short irradiation to a moderate burn-up usually involves a highly rated fuel and consequent high 

temperatures. This results in the zirconium becoming difficult to dissolve by conventional methods. 
5, Applicable to samples that have not exceeded 600°C in temperature. 
5. The n~dy~~ method has been found to give results which differ from the heavy element 

isotopic composition method at burn-up values in excess of 25%. This difference has not yet 
been reseived but it is considered that the IAD and the IAC resuhs are correct. 

of cerium-144, together with its half-life, combine to make it an attractive nuclide 
for the determination of the bum-up of metal and oxide samples. However, the 
presence of cerium-14i in samples of less than 200 days cooling makes the determina- 
tion of cerium-144 very d&cult with sodium iodide detectors. Fo~nately the y- 
peaks for cerium-144 and cerium-I41 can be resolved with alithium-d~fted germanium 
diode, and this approach is used to overcome this difficulty+ In the absence of this 
detector, it is possible to use a sodium iodide detector to measure the 2.1%MeV 
y-peak of the praseodymium-144 daughter which quickly reaches equilibrium with 
the parent. However, the low abundance of this Y-peak, combined with the low 
efficiency of detectors at this high energy, reduces the precision of the rn~urern~t* 

The method employed for the separation of cerium-144 before counting, is based 
on the oxidation of cerium with sodium bromate in 10M nitric acid, followed by 
extraction into isobutyl methyl ketone. as The cerium is recovered by shaking the 
organic layer with aqueous peroxide. It is then precipitated as its oxalate, filtered off 
and ignited to oxide at 800”. The oxide is fmally slurried onto a weighed aluminium 
tray for counting. 

Caesium-133. The y-peak for caesium-137 occurs at W5ii MeV, and it is potentially 
a good fission monitor for long irradiations. However, this system has some difficul- 
ties which should be appreciated. Several isotopes of caesium are produced in high 



1254 G. W. C. MILNER, G. PHILLIPS and A. J. FUDGE 

yield in fission, including the stable isotope caesium-133. This particular isotope has 
an appreciable capture cross-section for neutrons, which can be greatly enhanced 
under certain reactor conditions by a very large resonance in its capture cross- 
section at ~6 eV. Caesium-134 is the product of this n, y reaction, and it has a half 
life of 2.3 years. It gives a complex gamma spectrum with y-rays of high abundance 
at O-605 and 0.796 MeV respectively, which interfere with the 0.66 MeV peak for 
caesium-137 when the sodium iodide detector is used. Fortunately, these peaks are 
well separated from each other with the lithium-drifted germanium diode, and the 
determination of caesium-137 from this spectrum presents no difficulties. The 
radiochemical separation of caesium from other fission products involves precipita- 
tion of caesium perchlorate, scavenging with ferric hydroxide and then precipitation 
of caesium chloroplatinate.39 

A disadvantage in the use of caesium-137 for burn-up analysis arises from the fact 
that caesium migrates at relatively low temperatures. This unfortunately excludes its 
application to samples where the temperature is known to have exceeded 650” during 
the irradiation, though it is very satisfactory for the analysis of fuels where the tempera- 
ture of the specimens is known to have been kept low below this temperature. 
Large scale migration of caesium-137 has been observed in this laboratory with fuels 
which have exceeded a temperature of 650”, and some caesium has been shown to 
leave the surface of the fuel under these circumstances. 

The cerium-144 nuclide has proved to be a very reliable burn-up monitor. No 
evidence has been obtained for the migration of cerium and this is not surprising 
in view of the refractory nature of compounds of cerium. There is some evidence of 
solid solution formation of cerium and rare earths in UOz and U02/Pu0, specimens. 
This nuclide has been used for burn-up determinations on many types of fuels 
(metals, oxides and carbides) with irradiation times up to approximately 2 years. 
With mixed fuels containing uranium-235 and plutonium-239 allowance has to be 
made for the fact that the fission yields for cerium-144 are significantly different for 
these two fissile materials. Without this correction a decrease in accuracy results. 

The zirconium-95 nuclide is a reliable burn-up monitor for materials that have 
undergone short irradiations. The fission yields for this nuclide are significantly 
different for uranium-235 and plutonium-239, and allowance must be made for this in 
those cases where the ratio of U/Pu fission is known. 

In general the radioactive fission product methods are relatively inexpensive to 
carry out, but they are dependent on the availability of an irradiation history for 
each specimen. Determinations by high-resolution gamma spectrometry on dissolved 
samples are capable of a precision of measurement of 52% for the gamma rays, 
and an overall accuracy of about &5% for the burn-up values under favourable 
conditions. This difference is explained by inaccuracies in the nuclear data available 
for the calculations. Although these methods are less accurate than the stable fission 
product methods, they have the merit of being quick to carry out. 

Isotopic analysis methods 

Changes in the isotopic composition of the uranium which occur during irradia- 
tion can be used for the burn-up analysis of uranium-base materials. It is usual to 
measure the depletion of the uranium-235 isotope and the growth of the uranium-236 
isotope by mass spectrometry. This technique gives atom ratios, and the calculations 
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involve the use of equations which relate the total number of uranium-235 fissions 
to the atom ratios before and after irradiation. 

In the case of the depletion of uranium-235, the equation most commonly used is 

Fs = N,OVG,, + R;,,) - (&i/s + &,$I 

where F, is the total number of mu fissions 
N,O is the total number of YJ atoms present before irradiation 
Rz,, is the WU to Mu atom ratio before irradiation 
Rsls is the *5U to ‘9J atom ratio after irradiation 
R& is the 2ssU to mu atom ratio before irradiation 
l&s is the 236U to mu atom ratio after irradiation 

For calculations from the growth of 236U, the following equation relating mu 
fissions to the 2ssU/23sU ratios has been derived: 

F,=N," 
[ 

R B/S - R& 1 %/, + 4 + RcvJ 

where F6 is the total number of mu fissions 
Ni is the total number of mu atoms present before irradiation 
R&, is the 29BU to mu atom ratio before irradiation 
&I5 is the YJ to 2s5U atom ratio after irradiation 
CQ is the capture to fission cross-section ratio for VJ. 

The total number of 2WU and mu atoms can be determined at the same time as the 
atom ratios by isotopic dilution mass spectrometry using mu as the tracer. Since 
all the isotopes of uranium can be measured on the mass spectrometer by scanning 
the uranium region, the data for these equations and for the atom per cent burn-up 
calculation can be obtained simultaneously. It is necessary to carry out chemical 
separation of uranium from other radioactive species in order to eliminate the latter 
from the mass spectrometer and to reduce interferences. The chemical operations 
need not be quantitative at any stage. A sequential separation scheme is employed 
for this purpose. First plutonium is removed by using an anion-exchange procedure 
from 8M nitric acid solutions with plutonium in the quadrivalent state.40 Then the 
fission products are separated by means of reverse-phase partition chromatography 
using TBP supported on Kel-F .41 After further purification by precipitation, the 
uranium is finally mounted on the tungsten side&lament of the mass spectrometer 
bead. 

This method possesses the following advantages. 
(a) The chemical operations need not be quantitative, except for the quantitative 

addition of tracer if the total number of uranium atoms in the sample is to be determined. 
These operations are relatively simple to carry out, and the method can be applied on 
a routine basis. 

(b) Only small quantities of material @g) need be processed, thus enabling the 
majority of the work to be carried out without shielding. 

The method also has some disadvantages, as follows. 
(a) It is very sensitive to contamination by uranium of different isotopic composi- 

tion. Thus clean and careful work is needed to prevent cross-contamination of samples. 

13 
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(b) Samples of representative unirradiated materials are required to determine 
the isotopic compositions before irradiation. This information is needed in any case, 
however, by the reactor operator for reactor loading calculations. 

(c) Accurate values for nuclear parameters, such as ratios of neutron-capture 
to fission cross-sections, are required. 

The usefulness of the method depends on the amount of burn-up undergone by 
the sample. It is least accurate for low burn-up samples where the change in isotopic 
composition of the uranium is small, but it is most accurate for high burn-up samples 
of enriched material. The growth equation is useful over a wider range of conditions 
than the depletion equation. 

General recommendations on the methods of burn-up analysis 

During the last six years a large number of samples of irradiated nuclear fuel have 
been examined by these methods of burn-up analysis. The samples have come from 
test irradiation programmes, and they have varied in size from individual coated 
particles up to full-scale fuel elements from power reactors. The enrichment, the 
rating, the duration of the irradiation, the neutron spectra, as well as the burn-up 
levels, have varied very considerably. 

As a result of this work it has now been found possible to make an assessment 
of the various methods and draw up a set of rules for the choice of the best method 
for the analysis of subsequent samples. These rules are intended only as a guide, since 
the number of samples to be analysed and the precision and accuracy required also 
have some influence on the method employed. If a meaningful result is to be obtained, 
the analyst must have access to certain information regarding the conditions of 
irradiation, such as temperature, rating, power cycling, proximity of control rods and 
other rigs, etc. A knowledge of the irradiation history and the neutron energy distri- 
bution is desirable. Archive material kept as a representative of each sample is 
also extremely useful. 

Experience has been gained on materials irradiated in thermal reactors and fast 
reactors. All samples are first examined non-destructively by gamma-ray spectrom- 
etry using a lithium-drifted germanium detector, and specimens are scanned for 
integral burn-up and fission-product migration measurements. Small quantities 
of sample from specific positions on the fuel are then taken for subsequent destructive 
chemical analysis. 

The recommendations in Table III are intended for use with material originating 
from an irradiation programme on test specimens and pieces of selected fuel elements, 
rather than for accountancy and reprocessing requirements. It is assumed that the 
highest accuracy and precision is required, consistent with the number of samples 
and time available for analysis. The recommendations apply equally to fast reactor 
and thermal reactor fuels, as far as our present knowledge goes, but they will possibly 
require amending later when more information becomes available. It must be appre- 
ciated, however, that burn-up determinations of materials irradiated in fast reactors 
suffer very much from the lack of fission-yield values in these neutron energy fluxes 
and from the lack of accurate capture and fission cross-section values at the positions 
of irradiation. At present the accuracy of a burn-up determination on material 
irradiated in a fast reactor is no better than & 15 %, irrespective of the chemical method 
employed. 
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Zusammenfassung-Eine umfassende und kritische Ubersicht tiber die 
analytischen Methoden in der Technologie der Kembrennstoffe. 

R&znn&Une revue &n&ale et critique des methodes analytiques 
en technologie des combustibles nucl6aire.s. 
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Sunnna~-Three triple sodiumuranyl acetates NaM(UOr,)8(CHJCOO)p* 
nH,O in which the bivalent metals M were magnesium, zinc and nickel, 
have been precipitated and the air-dried compounds analysed for 
uranium by a highly precise method. Despite contrary claims it has 
been established that the compounds are precise hexahydrates the 
maximum deviation of n from 6 in any one analysis being 0.1. The 
precipitation of sodium as the magnesium or zinc compound gives 
results which depend on the excess of the reagents, and positive errors 
can be obtained. It is also concluded that, contrary to the usual belief, 
the magnesium compound is rather less soluble than the zinc one and 
is therefore somewhat more sensitive for sodium determination. 

A VERY large number of papers have been published on the determination of sodium 
by precipitation of compounds of the type NaM(UO&(CH,COO),*nH,O, where M 
is a bivalent metal, and the method in various forms-gravimetric, titrimetric and 
spectrophotometric-has found application to a wide range of materials but generally 
in circumstances requiring no better precision than about 1%. The work described 
in this paper was part of an investigation into the suitability of the triple acetate 
method for more precise sodium determinations. This work was abandoned because 
it was found that the fraction of sodium precipitated depended on the excess of reagents 
used and, for some unexplained reason, positive errors could be obtained. Certain 
definite conclusions could be drawn, however, some of which are at variance with 
opinions expressed by other workers. The most important aspect of the investigation 
forms the major subject of this paper and concerns the precise composition of three 
of the compounds of interest -those in which the bivalent metals were magnesium, 
zinc and nickel. 

In view of the length of time that the method has been established it seems 
extraordinary that final agreement on the composition of these compounds 
has not been reached. While there is no doubt of the empirical formula 
NaM(UO&,(CH,COO),~nH,O, varying values have been quoted for n in the com- 
pounds where M is Zn and Mg, the most widely favoured for determining sodium. 
The magnesium compound, dried for 30 min at llO”, was assigned 9 molecules of 
water by Streng,l but Caley and Foulk,2 on the basis of an analysis for UO,, Mg, 
Na and CHaCOO, decided that the water content corresponded to 6.5 molecules. 

Barber and Kolthoff3 assigned 6 molecules of water to the zinc compound and their 
careful investigation cannot easily be faulted. They washed the precipitate with por- 
tions of 95 % alcohol (saturated with the compound), then with ether and dried it by 
suction. They showed that the product was stable when exposed for several days to 
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atmospheres dried by calcium chloride or concentrated sulphuric acid. It was de- 
hydrated completely in 2 hr at a pressure of 40 mbar and a temperature of 90-loo”, 
and a further 2 hr gave practically no further loss in weight. At a temperature of 110” 
slow decomposition of the zinc salt proceeded beyond loss of water but the magnesium 
compound was found to be more stable and lost only 0.3% of its original air-dried 
weight in 20 hr at 110”. 

The accuracies of the determinations of sodium in known quantities of pure sodium 
compounds in both of the investigations quoted above, indicated that the compounds 
being weighed were stable under the specified conditions and that the water contents 
were consistent with the formulae claimed within about O-5 molecule. 

Feldstein and Ward4 showed that the air-dried nickel compound also contained a 
number of molecules of water close to 6 but stated that their analysis was not suffi- 
ciently accurate to decide between 6 and 6.5. 

Despite the evidence indicating a composition approximating to the hexahydrate 
the original Streng formula for the magnesium compound with 9HsO is still widely 
quoted in text-books, particularly general reference works on inorganic chemistry. 
Without any published experimental evidence the zinc salt is also quoted as containing 
9H,O in at least two books.5v6 One of these gives the zinc compound with 9HsO on 
one page and 6& H,O on another but quotes a gravimetric factor for the latter which 
is actually correct for 6Hz0. 

Duval and DuvaP claim that the triple acetates with zinc and magnesium are 
mixtures of hydrates and contain between 6 and 9 molecules of water, the water 
content increasing with decreasing temperature of precipitation. They give pyrolysis 
curves which show constant weight up to 75” in the case of the zinc salt and up to 91” 
in the case of magnesium. They state that the initial horizontal portion of each curve 
is the region of mixed hydrates, a statement which is contrary to the phase rule. In 
fact the horizontal affords good evidence for the existence of only a single hydrate over 
that particular temperature range. 

The matter has been further complicated by the use of mixed aqueous-alcoholic 
solutions of reagents for determining sodium as the sodium magnesium uranyl acetate. 
Having used an aqueous-ethanolic reagent solution, Kahane8 claimed that the pre- 
cipitate contained 8 molecules of water but Caley and Rogers9 showed that it con- 
tained about 1.5 molecules of ethanol and 4.5 molecules of water. Williams and 
HainslO used an aqueous isopropanol reagent solution and claimed that the magnesium 
triple salt so produced contained 7 molecules of water and 0.3 molecules of 
isopropanol. 

Because of these uncertainties in the compositions of the triple acetates it was 
decided to carry out careful analyses of the three compounds in which the bivalent 
element was zinc, magnesium and nickel, to determine the number of water molecules 
with certainty. In such a case it is believed that the best method is to determine that 
constituent for which the most accurate analytical method is available, preferably 
using a method not requiring elaborate elemental separations. In the present instance 
the determination of uranium by a highly precise titrimetric procedure based on the 
oxidation of uranium(IV) to uranium(Vl) was the obvious choice. The method used 
was based on a combination of well-tried standard methods and involved reduction of 
uranium(VI) to uranium(IV) in 1M sulphuric acid by amalgamated zinc in a Jones 
reductor, aerial oxidation of any uranium(III) to uranium(IV), addition of excess of 
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iron(m), and titration of the iron@) produced. Cerium(IV) sulphate was used as 
oxidant with ferroin as indicator, and was standardized against sodium oxalate. As it 
was required to establish the number of molecules of water in the compounds to 

within 0.05 or better, an error of not more than 0.05% was aimed at. Accordingly 
weight titration was used and the final step in both the standardization of cerium(IV) 
sulphate and the analysis of the triple acetate precipitates was back-titration with 
0*02M iron( 

As it had been shown that the fraction of sodium precipitated depended on the 
excess of reagent added, analyses were carried out on precipitates corresponding to 
more and less than 100 % recovery to determine whether any of this effect was attribu- 
table to variations in the composition of the precipitate. 

EXPERIMENTAL 

Precipitation of Triple Ace6ates 

Reagents 

Precipitating solutions. Uranyl acetate solutions containing also zinc, magnesium or nickel 
acetate were prepared from analytical grade reagents and were made 1M with respect to acetic 
acid. They were saturated with the triple salt at room temperature and filtered immediately before use. 

Standard sodium solutions. Solutions containing 3-6 mg of sodium per ml were prepared by 
weighing out analytical grade sodium chloride that had been ignited in a platinum crucible at 
600-700”, dissolving it in water and diluting accurately to 250 ml. 

Procedure 

All precipitations were carried out at room temperature in stoppered glass test-tubes which were 
agitated for 30 min by rotation at about 20 rpm in a motor-driven shaker. Then 5-ml portions of 
standard sodium solution were delivered from a calibrated pipette to the tube and, if required, the 
solution was evaporated to dryness and the residue dissolved in the appropriate volume of water 
for the experiment. The measured volume of precipitating solution was added and, after shaking 
as described above, filtration was carried out on a weighed porosity 3 sintered glass crucible, and 
the precipitate was washed with a few ml of the precipitant and then with several portions of 95% 
alcohol saturated with the triple salt, a total of 25-30 ml being used. The precipitate was washed 
three times with a few ml of ether and dried by suction. The crucible and contents were weighed 
after standing for 20-30 min in the balance case, which contained no desiccant. The method was 
essentially that used by Barber and Kolthoff’ and it was found that replicate determinations carried 
out under the same conditions generally agreed within 0.142 %. 

Reagents 

Determination of Uranium Contents of Precipitates 

Standard cerium(ZV) sulphate, O-2N in 1Msulphuric acid. This solution was prepared as described 
by Wilson and Wilson,” 110 g of ammonium hexanitratocerate (prepared by recrystallizing 99 % 
pure material from dilute nitric acid) and 60 ml of concentrated sulphuric acid being heated to re 
move nitric acid and the residue dissolved and diluted to 1 litre with IM sulphuric acid. 

Zron(ZZZ), 0*4M. Prepared by dissolving 192 g of analytical grade ferric alum in 1M sulphuric 
acid and diluting to 1 litre with the same acid. 

Standardization of cerium(ZV) sulphate 

The solution was standardized against approximately O-5 g portions of analytical grade sodium 
oxalate which had been recrystallized from water and dried at 120”. The method was essentially 
that of Walden, Hammett and Chapman, I* the cerium(IV) sulphate being delivered from a weight 
burette, with the quantities adjusted so that the oxalate was in slight excess. The solution was 
heated to about 50”, more cerium(IV) sulphate added until the solution was just yellow, the solution 
cooled to room temperature, 0.1 ml of 0.025M ferroin added, and the solution back-titrated with 
002M iron(H) sulphate of which the titre against the cerium(IV) solution had previously been 
determined. The relative standard deviation of the mean of 3 titrations was 0.01%. 
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Procedure 
The weighed precipitate (l-1.8 g) was dissolved in 50 ml of 1M sulphuric acid and reduced to 

uranium(W) by passage through a Jones reductor as described by Kolthoff and Lingane.” After 
aerial oxidation of uranium(II1) to uranium(W) 20 ml of 0.4Miron(III) solution were added followed 
by 0.1 ml of 0*025&f ferroin indicator, and the solution was titrated with the standard cerium(IV) 
solution, again delivered from a weight burette. The small excess of cerium(IV) was back-titrated 
with @02M iron(I1) sulphate. A blank was also carried out and deducted from the observed titration. 

RESULTS AND DISCUSSION 

Table I shows the percentage of UO, found in each precipitate analysed, together 
with the recovery of the sodium added and the initial and final concentrations of 
UOZs+ and M”. The concentrations in the mother liquor were calculated from the 
known volumes of the sodium and reagent solutions, the weight of precipitate, and 
the concentrations of the reagent solutions. 

Three different magnesium uranyl acetate solutions were used, the first being that 
of Caley and Foulk2 in which the uranyl concentration is low and which therefore 
requires a large volume of reagent per determination. 

Two zinc uranyl acetate reagents were used, each containing the same concentra- 
tion of zinc as Barber and Kolthoff’s reagent. The uranyl acetate concentration of one 
solution was l-10 times that of Barber and Kolthoff and that of the other O-76 times. 

One solution only of the nickel uranyl acetate reagent was used, that of Feldstein 
and Ward.4 

The standard deviation of a single uranium determination corresponded to 0.03 
molecules of water and the maximum deviation of the uranium content of any one 
precipitate from the theoretical for a hexahydrate corresponded to less than 0.07 
molecules of water. The deviations from the theoretical hexahydrate values of the 
mean values for the three compounds were 0.01, O-02, and 0.04 for the magnesium, 
zinc and nickel compounds respectively. It is clear, therefore, that the air-dried 
sodium uranyl acetates with magnesium, zinc and nickel are precise hexahydrates and 
that statements that have been made to the contrary are incorrect. The results for the 
uranium content of sodium copper uranyl acetate obtained by Caley and Rogers9 also 
agreed very closely with the theoretical value for the hexahydrate and it is evident that 
NaM(U02),(CH,COO),~6H20, where M is a bivalent metal, constitutes as well- 
defined a class of compounds as the alums. It is difficult to account for the 6.5H,O 
found by Caley and Foulk2 for the magnesium compound but their uranium figures 
appear to have been definitely low. 

The variation in the fraction of sodium precipitated is clearly not due to any 
variation in composition of the precipitate and must be connected only with the excess 
of uranyl ion, bivalent metal and acetate in the mother liquor. When the standard 
technique of shaking for 30 min with small volumes of precipitant that was at least 
0*15M in uranyl acetate was used, it was found that the apparent fraction of sodium 
precipitated increased with increasing excess of reagent from below 100% to a maxi- 
mum of 100.6-100.8%. High sodium recoveries were also obtained in some experi- 
ments by Barber and Kolthoff;3 Kolthoff and Lingane13 obtained similar results, 
their gravimetric results being confirmed by titrimetric determinations of uranium. 
This phenomenon is difficult to explain. In the present work the precipitating solutions 
were shaken with excess of triple acetate and filtered just before use so that super- 
saturation could not have occurred. The only likely explanation appears to be the 
introduction of sodium from the glassware used, as it was observed that the triple 
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acetate deposited slowly from the filtered reagent on standing in glass bottles. Also, 
in the experiment in which 150 ml of the dilute reagent were used and precipitation 
carried on overnight in glass, a result of 101.4% was obtained. If this explanation is 
correct then results below about 100.7 % obtained by the standard technique represent 
incomplete precipitation of the total sodium present. It would therefore appear that 
this system needs study with sodium-free apparatus-plastic or silica-and that excess 
of reagent should be such that results of at least 100.7 % are obtained in glass. Future 
work could, with advantage, include determinations of the solubilities of the triple 
acetates in precipitating solutions and mother liquors, a tracer technique with 
sodium-22 or -24 being used. 

The relative sensitivities of the zinc and magnesium reagents are of interest. It is 
usually considered14 that the zinc reagent is the more sensitive of the two but that the 
magnesium reagent has the advantage of being less susceptible to interference by 

TABLB II.--coMpARISON OF ZINC AND MAGNESIUM URANYL ACETATE SOLUTIONS AT SIMILAR 
CONCENTIUTIONS FOR PRECIPITATING SODIUM 

Molarity of reagent in 
mother liquor 

Uranium Zinc 

Apparent Molarity of reagent in Apparent 
recovery of 

sodium added, 
mother liquor recovery of 

sodium added, 
% Uranium Magnesium % 

0.085 1.01 97.7 0.085 1.04 100.0 
0.101 1.04 99.2 0.092 I.05 100.1 
0.087 1.20 99.5 0.078 1.23 99.8 
0099 1.23 99.7 0.099 1.21 loo*5 

potassium. Such comparisons are generally misleading as they are between the Barber 
and Kolthoff3 zinc reagent which is about 0.22M with respect to uranium and the 
Caley and Foulk2 magnesium reagent with a uranium concentration of about O-1 1M. 
Any differences therefore relate to the effect of uranium concentration rather than to 
the particular bivalent acetate used. Comparison should be made on the basis of equal 
uranium concentrations but it should be noted that even under these conditions 
Feldstein and Ward4 claimed the zinc reagent to be the more sensitive in their qualita- 
tive tests. The present work does not support this view but indicates that the difference, 
while not very great, is somewhat in favour of the magnesium, i.e., the solubility 
of the triple magnesium salt in a given reagent is less than that of the zinc salt in a 
reagent of corresponding composition. This is shown by the results in Table II. 

These experiments were not specifically designed for this comparison, so the 
reagent concentrations in the mother liquors from the zinc experiments do not 
correspond exactly to those in the magnesium experiments. Nevertheless the greater 
precipitation of the magnesium compound under similar conditions is quite clear. It 
is of interest to note that the zinc triple acetate is also more soluble in 95% alcohol 
than the magnesium one. Barber and Kolthoff3 found O-5 mg/ml for the solubility 
of the former and Caley and Foulk2 0.2 mg/ml for the latter. 

Zusammenfassung-Drei temlire Natriumuranylacetate NaM(UO& 
(CH,CGO), - nH,O, in denen die zweiwertigen Metalle M Magnesium, 
Zink und Nickel waren, wurden gefallt und die an der Luft getrock- 
neten Verbindungen mit einer sehr genauen Methode auf Uran 
analysiert. Entgegen abweichenden Angaben wurde festgestellt, dat3 
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die Verbindungen genaue Hexahydrate sind; die hiichste Abweichung 
des n-Wertes von 6 in allen Analysen betrug 0,l. Die Fgllung von 
Natrium als Magnesium- oder Zinkverbindung gibt Ergebnisse, die 
von dem Reagentieniiberschuu abhiingen; positive Fehler sind 
moglich. Es wird such geschlossen, daB im Gegensatz zur herrschenden 
Meinung die Magnesiumverbindung betrachtlich unl&.licher als die 
Zinkverbindung und daher bei der Natriumbestimmung etwas emp- 
findlicher ist. 

R&r&-On a precipite trois acetates triples uranyl-sodium NaM- 
(UO,),(CH,COG),* nH,O, dam lesquels les mttaux bivalents M sont le 
magnesium, le zinc et le nickel, et analyd les composes s&ches a l’air 
pour l’uranium par une methode hautement precise. Malgre des 
declarations contraires on a dtabli que les composes sont des hexa- 
hydrates p&is, la deviation maximale de n de 6 n’atteignant dans 
aucune analyse 0,l. La precipitation du sodium a l’ttat de compose du 
magnbium ou du zinc donne des resultam dependant de l’ex& des 
reactifs et l’on peut obtenir des erreurs positives. On conclut aussi que, 
contrairement a la conviction habituelle, le compose magnesien est 
quelque peu moins soluble que le zincique et est par consequent un peu 
plus sensible pour le dosage du sodium. 
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Suuuna~-In the determination of small amounts of copper in certain 
alloys by liquid-liquid extraction of the bis-chelate of copper(I) with 
2,2’-biquinolyl, recovery of copper has been reported to be low when 
chromium(III) is present. The adverse effect of chromium(III) could 
be overcome by adding iron(H). It is now shown that the inhibiting 
effect of chromium is attributable to the formation of a kinetically 
inert ternary complex of chromium(III), copper@) and citrate ions 
containing an equal number of atoms of each of the two metals. 
Copper can be displaced from this complex by any of the transition 
cations Mn(II), Fe(H), Co(H), Ni(II) and Zn(II). Zinc is shown to 
form a ternary complex formally analogous to that of copper. The 
formation of the ternary complexes has been studied polarographically. 
The formation of binuclear complexes of various hydroxy-acids is 
reviewed and a probable structure for the ternary complex is proposed 
which explains its stability and kinetic inertness. Analogies are drawn 
between this complex and ternary complexes of UO,(VI)-Al(III)+itrate 
and Cu(II)-Al(III)-tartrate which also cause interference in established 
analytical procedures. 

THE liquid-liquid extraction of copper(I) by 2,2’-biquinolyl (bq) followed by a 
spectrophotometric determination of the bis-chelate Cu(bq)$ has been recommended 
by Hoste ef al. for the determination of copper in water, animal tissues and blood 
p1asma.l They extended the method, apparently successfully, to the examination of 
two “synthetic” steel solutions. However, when ElwelP applied Hoste’s conditions 
to samples of stainless steels containing upwards of 5% chromium the procedure 
proved unsatisfactory, although if citric acid was present to prevent the precipitation 
of hydroxides it gave good results for carbon steels. Some typical results are shown 
in Table I. 

TABLE I.-DETEREIIIN ATION OF COPPER IN STEELS’ 

Determination by Hoste’s Actual 
Sample method as adapted by Elwell, % content, %* 

Plain carbon steel 61A 0.104 0.10 
Plain carbon steel 61B 0.086 0.09 
B.C.S. No. 235 Stainless 
18/S (Ii, 0.6%; W. O-7’%) 0.75 0.98 
B.C.S. No. 246 Stainless 
18/12 (MO, 2.9 %; Nb, 0.8 %) 0.05 0.13 
B.C.S. No. 261, Stainless 
18/12 (Nb, 0.7%) 0.03 0.06 

* Certificate values or values previously determined. 
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While this investigation was proceeding, determinations of small amounts of 
copper in chromium salts containing very small amounts of iron were also being 
carried out. The results were variable and consistently low, but on one occasion when 
the chromium was in the tervalent condition, iron(I1) was added to simulate the 
composition of a steel-sample and the recovery of copper was improved markedly. 
It was argued that while a large excess of iron(I1) appeared to be necessary when a 
large amount of chromium was present this necessary large excess was not obtained in 
the unmodified method wherein the iron(II1) solution is treated with hydroxylamine 
hydrochloride in the cold. With sample B.C.S. No. 246, reduction of the boiling 
solution gave 85% recovery of copper when hydroxylamine was used, but 100% 
recovery with hydrazine or sulphurous acid. On this basis, with sulphurous acid as 
the reductant in boiling solutions, a method was developed and applied successfully 
to a wide variety of steels. 2 In certain cases, and to ensure the presence of at least 
40 mg of iron(I1) in the final 17.5 ml of aqueous phase before extraction by the 
solution of biquinolyl in amyl alcohol, additional iron@) sulphate was added at the 
appropriate stage [ref. (2), p. 513, Note (2)]. 

The chemistry of these remarkable observations has hithertoremained unexplained. 
The possibility that chromium(II1) is acting as an oxidizing agent and thus diminishing 
the concentration of copper(I), and the possibility that the rBle of the iron(I1) is that 
of a “holding reductant” would seem to be excluded by a consideration of the relevant 
oxidation-reduction potentialss 

Cu2+ + e + Cuf ED = +0.167 V 
Fesf + e + Fe2+ E” = $0.771 V 
C?+ + e + Cr2+ E” = -0.41 V 

A careful scrutiny of Elwell’s paper elicited some possible points of difference, which 
might prove to be of significance, between the procedures he used in handling chrome 
steels and the procedures used by other workers when determining copper by the 
biquinolyl method. In the first place Elwell used citric acid to hold up the precipitation 
of the substantial amounts of iron when the solutions were buffered to a pH between 
5 and 6 for the extraction stage. Secondly, sulphur dioxide was used as the reductant. 
Our preliminary experiments showed that in solutions free from iron(II1) salts the 
reduction of copper(I1) to copper(I) was quantitative when hydroxylamine was used, 
and as this reductant had been employed in earlier work4 we decided to retain it. 

However, in the absence of citric acid, chromium(II1) was found not to reduce the 
amount of copper extracted. Citric acid certainly had a small effect on the extracta- 
bility of copper by biquinolyl but when both chromium(II1) and citric acid were 
present together there was a marked inhibitory effect which was scarcely alleviated by 
a IO-fold increase in the concentration of the extracting ligand. Typical results are 
shown in Table II. 

The effect of a range of other tervalent ions on the extraction of 8 x lOAM 
copper(I1) from a solution containing citric acid (0.5M) and hydroxylamine hydro- 
chloride (3 %) at pH 6-O f 0.1 by a 2 x 103M solution of biquinolyl in isoamyl 
alchohol was then examined. Figure 1 shows that iron(II1) and lanthanum have 
practically no effect on the extraction of copper. The degree of extraction is progres- 
sively, but only slightly, reduced by aluminium; by contrast the effect of chromium(II1) 
is almost dramatic. 
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TABLE II-THE EFFECT OF C~~ROMIUM(UI) AND CITRIC! ACID ON THE EXTRACTABILITY OF 

COPPER BY BIQUINOLYL 

[Chromium(III)], M [Citric acid], M [biquinolyl], lo-*M Absorbance at 546 rnp 

0 0 2.16 0.550 
0.051 0 2.16 0552 

0 0.051 2.16 0.493 
0.010 0.042 2.76 0450 
0.010 0042 20.0 0449 

Each solution contained 9.97 x 10-r mole of copper( Equilibrations were carried out 
as described in the experimental section, after adjustment of the aqueous phase to pH 6.1. 

” 4 

[he’]. 10-z: 

8 IO 

FIG. I.-The effect on the extraction of copper (as measured from the absorbance of the 
complex Cu(bq)*+ extracted into isoamyl alcohol) of adding various tervalent cations. 

To see whether the effect of iron@) in counteracting the adverse effect of chro- 
mium(II1) was unique to this metal, a series of extractions was carried out in which 
increasing amounts of zinc (or cobalt) were added to an aqueous phase containing 
8 x 10-5M copper( 0*03&f chromium(III), 0.5M citric acid and hydroxylamine 
hydrochloride at pH 6.1 f 0.1. The results (Fig. 2) show very clearly the increase in 
the fraction of copper extracted even when the ratio [M2+] : [citrate] = 1: 50. When 
the relative concentration of zinc was increased IO-fold the fraction of copper ex- 
tracted was restored to the value found when chromium(II1) was absent and only 
citrate was incorporated into the aqueous phase. 

These results are highly significant. Elwell’s observation that iron@) can effec- 
tively counteract the adverse effect of chromium(II1) cannot now be related to its 
reducing powers--either in reducing chromium(II1) to chromium(I1) (which Elwell 
showed to be ineffective as an inhibitor),2 or in reducing copper(H) to copper(I), or 
even as a “holding reductant”-for since iron(U) can be replaced by zinc(I1) none of 
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these hypotheses is tenable. Nor does it seem likely that the enhancement of ex- 
traction by iron( zinc(I1) or cobalt(H) can simply be a matter of removing citrate 
from a complex containing copper aIone since the citrate is present in such Iarge 
excess. Indeed these results suggest that the inhibiting effect of chromium~I1) must 
be due to its participation together with copper(H) and citrate ions in some form of 
ternary complex, and that the effect of the ions iron( zinc(I1) and cobalt(I1) is 
simply to displace copper(I1) from this complex and thus free it for reduction and 
extraction. 

01 I I 1 I I 
___ ^. 

Fxc?. 2.-The effect of Co@) and Zn(II) in increasing the amount of copper that can be 
extracted from a solution containing 8 x 10-6M Cu(II), 0*03M Cr(III), O&%f citric 

acid and hydroxyfamine hydrochloride at pH 6.1. 

Since cobalt(II) appeared to be even more effective than zinc(I1) we examined the 
effect of other bivalent transition metal ions. The results of these experiments (Table 
III) showed that M2+ ions promote the extraction in the order 

Mn2+ < Co2f < NizI- < Fe2f > Zn2f 

which, apart from the position of iron, happens to be identical with the Irving- 
Williams order of stabihties.5,g On prolonging the equilibration for 2-3 days the 
extraction of copper could be made quantitative in every case save with iron, showing 
that slow reaction rates form a feature of the reaction mechanisms that must also be 
taken into consideration, The anomaIous behaviour of the iron was doubtless due to 
its slow oxidation to the ferric state as evinced (inter al&z) by the gradual fo~ation of 
a yellow citrate-complex in the aqueous phase; the concomitant decrease in hydro- 
xylamine concentration will reduce the amount of copper(I) formed and extracted. 

At this stage it appeared possible that the various phenomena could be explained 
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in terms of a kinetically inert chromium(III)-copper(II)-citrate complex from which 
copper is (slowly) released on equilibration with a bivalent transition metal ion. 
However, when the method of continuous variations was applied to this system by 
examining the absorption spectra of an isomolar series of mixtures of copper citrate 
and chromium(II1) citrate (each solution containing 1.6 x 1O-2M total metal and 
6.4 x 1W2M citric acid at pH 5.1) no evidence whatsoever was obtained for any 

ol- 1 I I 

550 650 

Wavelength, mp 

FIG. 3.-Absorption spectra for mixtures of x ml of l-6 X lo-*M Cu(J.l) in 6.4 x 10-W 
citric acid at pH 5.1 with (10-x) ml of 1.6 x 1O-BM Cr(III) in 6.4 x IO-Wcitric acid at 
pH 5.1, which had been heated to 80” for a time and then cooled to room temperature 
before measurement. 

The eleven curves of monotonically increasing absorbance at 750 rnp correspond to 
isomolar mixtures with x = 0, 1, 2 . . . 10 respectively. 

interaction, for the absorption spectra of mixtures (not reproduced) proved to be 
exactly the sum of that of the two components and there was a very well-defined 
isosbestic point at 610 rnp. These results, however, merely exemplify the well-known 
kinetic inertness that characterizes reactions of chromium(II1); indeed if the solutions 
were warmed to 80” and the spectra remeasured after the solutions had cooled to 
room temperature there was now clear evidence of interaction and the isosbestic 
point had disappeared (Fig. 3). No new clearly defined absorption bands appear, but 
if the results of the measurements on the heated solutions are expressed as a Job plot 
(Fig. 4) the distinct maxima at mole fraction x = 0.5 demonstrates the formation of 
a ternary complex containing equal numbers of copper and chromium atoms. The 
formation of a ternary complex was confirmed by diluting members of the isomolar 
series 4-fold. Aliquot portions (1 ml) were mixed with 5% hydroxylamine hydro- 
chloride (9 ml) and after adjustment to pH 5.2 f 0.1 the aqueous mixtures were 
extracted with a 2 x 10-3M solution of 2,2’-biquinolyl in isoamyl alcohol (10 ml). 
The absorbance of each of the extracts was measured at 545 rnp in 0.5-cm cells, with 
the results shown in Fig. 5. The effect of the chromium is indicated by the reduction 
in absorbance below that based solely on the amount of copper present (broken line 
in Fig. 5). If the decreases in absorbance are plotted (right-hand scale) against the 
ratio [Cr]/([Cr] + [Cu]) the broad maximum value points to the existence of a 

14 
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0 
0 02 D4 06 08 IO 

Mole ratio, [Cr]/( [Cr]t [Cu or Zn]) 

FIG. 4.-Job plot for ternary copper or zinc complexes. 
0 -zinc at 557 rnp (right-hand scale); citric acid 0.12&f, ([Zn] + [Crl) 
0 -copper at 566 m,u left-hand scale; citric acid 
8 -copper at 740 m,u O.O64M, ([Cu] + [Cr]) = 0*016M. I 
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FIG. K-Job plot for extracted copper species. 
0 -Absorbance of copper complex alone (left-hand scale) 
l -Reduction in absorbance, caused by chromium (right-hand scale) 
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ternary complex but does not clearly define the composition within the range [Cu]: 
[Cr] = 1:l and 1:2. 

That zinc will also form a ternary complex with chromium(II1) and citrate ions 
was likewise established by the method of continuous variations using isomolar series 
with ([Zn] + [Cr]) = 0.04M and [citrate] = 0*12M at pH 5.6. Measurements were 
made at 557 rnp on solutions that had been heated at 80” for 1 hr and then cooled to 
room temperature. The results (Fig. 4; open circles) clearly establish the ratio 
[Cr(III)] :[Zn(II)] = 1 :l in this complex. When, however, the concentration of 
citrate was increased more than 3-fold so that the ratio [total metal] : [citrate] = 1: 12.5 
little positive evidence of a ternary complex could be detected. This somewhat 
surprising result is readily explicable if the ternary complex contains fewer citrate 
groups than the citrate-complexes of the individual members. Assuming that only 
two atoms of metal are involved, and omitting charges, we may write 

Cr(III)(citrate), + Zn(citrate), - 2 Cr(III)Zn(II)(citrate), + (1 + m - n)citrate 

(1) 

When copper enters the ternary copper-chromium-citrate complex there is a 
gradual shift in absorption to shorter wavelengths. The same effect is shown with 
zinc; but since this ion does not itself absorb in the visible region, changes in the 
absorption spectra are easier to follow. With increasing content of zinc the band due 
to the chromium shows an increase in intensity and there is a concomitant shift to 
shorter wavelengths as shown in Table V. 

TABLE V.-THE EFFWX OF Zn(II) ON THE ABSORP~ON SPECMJM OF 

0.03&f CHRO?.~KJM(~I) IN 0.5kf CITRIC ACID AT pH 6.0. 

[Zinc], M 0 0.10 0.02 0.06 0.08 
Absorbance* 0.80 0.84 0.85 0.94 1.01 
Iz maxi mp 564 562 561 560 556 554 

* All solutions were warmed to 80°C for 1 hr, cooled, and the pH readjusted to 6.0 
before measurement in l-cm cells. There was an isosbestic point at 469 m,& 

Since the citrate was present in such large excess these results cannot arise from the 
reduction in the number of citrate ions available for complexing chromium(II1) as 
increasing amounts of zinc ions are added, for the addition of citrate to chromium(II1) 
[or to copper( causes a definite shift in the position of the broad absorption bands 
towards lower wavelengths, the shift being much more pronounced for copper than 
for chromium. 

In order to confirm the formation of the postulated ternary complex by a technique 
independent of spectrophotometry the effect of adding increasing amounts of chro- 
mium(II1) toa solution of copper(I1) in a citrate medium was examined polarographic- 
ally. The limiting diffusion current was found to decrease and the half-wave potential 
moved to a more negative value, both changes being indicative of the copper being 
bound in a stronger complex. The forms of the polarograms for copper in the presence 
of chromium and citrate are typical of those involving a slow decomposition of the 
complex at the cathode. ‘es When increasing concentrations of zinc were added to 
solutions containing 4 x 10”M copper( 6 x 10m2M chromium(II1) and 0.4M 
citrate at pH 5.6 and the mixtures were heated at 80” for 1 hr, the polarograms of the 
(cold) solutions showed a gradual increase in the diffusion current of the copper so 
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long as [Zn] I [Cr], while Et appear to be unchanged, With further increase in the 
concentration of zinc the trend was reversed. No unambiguous interpretation of 
these results can be given, for the ionic strength varied from 1.7 to ~2.0. Since it is 
known that a change in ionic strength from 0 to 1 can shift the half-wave potential of 
a bivalent ion by ~15 mV to more negative values we cannot be sure that slight 
shifts in Et for copper to more positive values are not being compensated by ionic 
strength effects. Since all the processes show signs of being kinetically controlled we 
did not pursue these experiments. 

DISCUSSION 

Although binuclear complexes of metals with certain hydroxy-acids (citric, 
tartaric and malic) are well known lo-l4 there is still much controversy as to whether 
in the case of citric acid (H,L) the ion(I) is involved or whether the central hydroxy 
group is able to lose a proton [as in (II)] and co-ordinate through the resulting 
negatively charged oxygen atom. It has been suggested that the binuclear vanadyl 

CH&OO- CH&OO- 

(I; HL3-) HO-+COO- 
I 

o-c*coo- @; L”-1 
I 

CH,COO- CH&OO- 

complex14 does not involve an ionized hydroxy group because the O-H stretching 
frequency could still be detected in the mono-complex isolated as a solid at low pH. 
Other evidence against the participation of species (II) comes from rather old worklS 
but other reports 12~16-18 favour this. Recent studies on complexes of copper with 
citric, malic and tartaric acids12 show that binuclear complexes are formed in every 
case and that the undissociated hydroxy group is involved in the bonding. With the 
binuclear copper-citrate complex a further dissociation occurs. 

Cu,(HL),2- + CU,L,~- + 2H+(K = 10-8.1) 

to give species formulated as (III). 
A study of solutions containing uranyl(VI), aluminium(II1) and citrates has 

demonstrated the existence of a ternary complex involving one uranyl, one aluminium 
and two citrate residues per molecule. The spectral and polarographic behaviour of 
the uranyl complex would best be interpreted by postulating that one hydroxy group 
had lost a proton and that the hydroxylic oxygen participated in the bonding as in (IV). 
Co-ordination to aluminium is then assumed to involve the three oxygen atoms 
marked with an asterisk. This must affect the spectra (as found experimentally) to 

(IV) The two uranyl oxygen atoms lie above and below 
the plane of the paper. 
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an extent which would not occur if the two metals were isolated even by a -CH,- 
group. Similar spectral changes occur on forming the ternary complexes described in 
this paper. 

If a molecular model is constructed involving 6-co-ordinate chromium(II1) and 
two citrate ions co-ordinated through the hydroxy oxygen atoms, two carboxylate ions 
remain free and the resulting complex may be formulated as CrL6-, CrL(HL)“, or 
Cr(HL),% depending on how many of the hydroxy protons are dissociated. Such a 
complex behaves as a quadridentate ligand, for its conformation is such that the two 
free carboxyl groups will readily co-ordinate to a second cation in the c&position of a 
square-planar or octahedral co-ordination sphere and a convenient “hole” is presented 
in which the ion can fit with the corresponding transpositions occupied by the two 
hydroxy oxygen atoms of the citrate residues. This is illustrated in Fig. 6 which 
represents a scale Dreiding model; the hydroxy protons have been deliberately 

FIG. 6 

omitted, In a less symmetrical arrangement (Fig. 7) the two citrate ions are again 
co-ordinated in a strain-free manner to give one free carboxylate ion, -COO-, and 
one free acetate ion, -CH,COO-. These will co-ordinate to a second ion most 
favourably in the trans-position, and one of the c&positions is in precisely the correct 
location for co-ordination to one of the hydroxy oxygen atoms; the remaining 
co-ordination site(s) could clearly be occupied by water molecules without steric 
hindrance. It is not clear whether such a completely strainless 3-point attachment 
would be more probable than the Cpoint attachment shown in Fig. 6 where some 
distortion from a regular square-planar (or octahedral) arrangement would seem 
inevitable, but this latter arrangement would be favoured by entropy considerations. 
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FIG. 7 

It is noteworthy that the ternary complex is formed in solutions containing far more 
than enough citrate to complex separately all the metals present. This can only mean 
that the stability of the ternary complex is greater than those of the citrate-complexes 
of the individual metals. The high stability of the ternary uranyl-aluminium-citrate 
was explained by the reduction in the negative charge on the uranyl-citrate complex 
caused by incorporating an aluminium cation. The same considerations will obviously 
apply in the present chromium-citrate-transition metal complexes and the entropy 
increase illustrated in equation (1) will be a further stabilizing factor if I = n = 2 
since m must be > 1. 

At this stage it is important to comment on what might appear to be a discrepancy 
between the slow rate of formation at room temperature of the copper-chromium- 
citrate complex (as demonstrated during studies of its composition by the method of 
continuous variations, vide supru) and the normal conditions for the determination of 
copper by biquinolyl. It would appear that chromium(II1) ought not to interfere 
seriously and indeed this is found to be the case if, as in these experiments, the excess 
of citrate is no greater than 4-fold, and if the solutions are not allowed to get hot. 
When the concentration of chromium greatly exceeds that of the copper and that of 
the citrate is greater still, the rate of (ternary) complex-formation will be increased; 
an additional factor is the rise in temperature when the citric acid (present as such in 
the original solution) is neutralized. 

It is worth noting that in Elwell’s final procedure,2 copper is reduced to the 
cuprous state and excess of sulphur dioxide is boiled off before addition of 50 % citric 
acid solution and neutralization. At this stage chromium(II1) will certainly be masked 
as the kinetically inert citrate-complex. Iron present (in excess of the amount of 
copper) from alloy steels, or added deliberately to other sample solutions [ref. 2, 
p. 513, Note (2)] will then serve two functions. It will form the ternary complex 
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chromium(III)-iron(U)-(citrate), from which any copper(I1) would be excluded by a 
mass-action effect, and it would also serve as a holding reductant to inhibit the 
re-oxidation of copper(I) during the brief period before its extraction as its biquinolyl 
complex. 

In conclusion it should be pointed out that the formation of unsuspected ternary 
compounds may explain a number of anomalous observations and unexplained 
interferences in analytical procedures. Thus Flaschka20 observed an unexpected 
reduction in reaction rate when copper was titrated at pH 8 with triethylenetetramine 
in a tartrate solution that also contained aluminium. Investigation showed that a 
kinetically inert tartrate-complex containing both copper and aluminium in the molar 
ratio 1:2 had been formed. It seems likely that further examples of binuclear (or 
polynuclear) complexes containing more than one metallic element remain to be 
discovered and that some at least will prove of significance analytically. 

Reagents 

EXPERIMENTAL 

Reagents of analytical grade were used throughout. 
Copper solutions. Prepared from known weights of pure CuSO,*SH,O in demineralized 

water. 
Zsoamyl alcohol. Redistilled just before use, the fraction boiling at 130°C being used. 
Absorption spectra were measured with a Wnicam SPSOO spectrophotometer or recorded on the 

SW00 or SPSOO i~t~ments. Hydrogen-ion concentrations were controlled and measured with a 
Radiometer pH-meter and a Radiometer Polariter PO3 was used in the pol~o~p~c studies. 

Procedure 

The effect of components in the aqueous phase on the extraction of copper into isoamyl alcohol 
containing 2,2’-biquinolyl was studied by the following procedure. An aliquot of a stock aqueous 
solution of copper0 was placed in a beaker together with known amounts of any other substances. 
The pH was adjusted to the desired value with sodium hydroxide and hydrochloric acid and the 
mixture heated at 80” for 1 hr, and then allowed to cool. The pH was readjusted to its original value 
and the solution transferred to a volumetric flask, Hydroxyfamine hydrochloride solution (5%), 
previously adjusted to the same pH, was then added and the whole made up to the mark. 

An aliquot of this solution (10.0 ml) was placed in a glass-stoppered (40 ml) centrifuge tube and 
an equal volume of isoamyl alcohol (10 ml) containing a known concentration of biquinolyl was 
added. The tubes were shaken mechanically for 30 min at room temperature and then the contents 
were centrifuged and an aliquot of the organic phase was transferred to a spectrophotometer cell. 
The absorbance WBS measured at 546 rnlr against a blank of isoamyl alcohol and the concentration of 
copper was calculated from previously determined calibration curves. 

The effect of OWM transition metal ion solutions (Mn(II), Fe(H), Co(D), Ni(II) or Zn(II)) on the 
extraction of 8 x lO+Mcopper from a solution containing 0.5M citric acid, 0.03M chromium(III) 
and hydroxylamine (5%) by 2 x 10e8M biquinolyl dissolved in isoamyl alcohol gave the results 
shown in Table III, row (a). After these measurements (I-cm cells) the solutions were returned to 
their respective centrifuge tubes and the shaking was continued for 2i days; the results are shown in 
Table III row (b). 

TABLE III.-EXTRACTION OF COPPER FROM CITRATE BUFFER AT pH 5.2 CONT~G 
BIVALENT TRANSITION METAL IONS AS WELL AS C?lROhUUh@i) 

Cation added None Mn(II) Co(I1) Ni(I1) Fe(I1) 
Absorbance (a) 0.131 

zn(II) 
0.238 0.243 0.262 0.294 0.229 

at 546 rnp (b) 0501 0.501 0.501 0501 0.301 0501 

Solutions of 1.6 x 10-W copper(I1) [or chromlum~H)~ nitrate with a 4-foId excess of citric acid 
were prepared and adjusted to pH 5.1 f 0.1. Isomolar mixtures were prepared and their spectra 
recorded with a Unicam SP700. Absorbances at 740 and 566 rnp were measured (a) immediately 
after mixing and (b) after each mixture had been heated for a few hours at 80” and cooled again to 
room temperature. The results are given in Table IV. 
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TABLEN.-METHOD OF co~~~~uous VARIATION APPLIED TO ISOMOLAR MMTuREs 
OF COPPER CITRATE AND CHROMIUM(III) CITRATE 

[CuOI)I, M 
Absorbance at 740 rnp Absorbance at 566 rnp 

KrOII)I, M (4 (b) (4 (4 

0.0160 
00144 
0.0128 
0.0112 
0.0096 
00080 
0*0064 
0.0048 
0.0032 
@0016 

- 

- 
0.0016 
OX@32 
0@048 
0.0064 
00J80 
OQO96 
0.0112 
0.0128 
00144 
0.0160 

1.56 
1.42 
1.27 
1.10 
0.95 
0.79 
0.63 
0.46 
0.32 0.30 
0.18 0.14 
0.02 

1.56 
1.46 
1.29 
1.12 
0.98 
0.89 
0.63 
0.47 

0.02 

0.22 
0.30 
0.38 
0.46 
0.55 
064 
0.72 
0.80 
0.88 
0.95 
0.97 

0.22 
0.33 
0.41 
0.50 
060 
0.79 
0.80 
0.87 
0.92 
0.96 
0.97 

ZusammenfassunR---Bei der Bestimmung kleiner Kupfermengen in 
gewissen Legierungen durch Solventextraktion des Bis-Chelats von 
Kupfer(I) mit 2,2’-Bichinolyl sollen die Kupferwerte in Gegenwart von 
Chrom(II1) zu niedrig sein. Die Stiirung durch Chrom(II1) kann durch 
Zugabe von Eisen(I1) beseitigt werden. Es wird jetzt gezeigt, dal3 die 
Stiirung durch Chrom auf Bildung eines kinetisch stabilen ternaren 
Komplexes aus Chrom(III), Kupfer(I1) und Citrationen beruht, der 
von beiden Metallen die gleiche Atomanzahl enth2ilt. Aus diesem 
Komplex kamr Kupfer durch irgendeines der Ubergangsmetalle M&I), 
Fe(H), Co(H), Ni(I1) und Zn(I1) verdr%ngt werden. Es wird gezeigt, 
da5 Zink einen temlren Komnlex bildet, der dem vom Kupfer formal 
analog ist. Die Bildung de; ternaren Komplexe wurde-polarogra- 
nhisch untersucht. Es wird ein Uberblick ilber die Bildune binuklearer 
Komilexe verschiedener Hydroxysluren gegeben und eingwahrschein- 
lithe Struktur fur den temlren Komplex vorgeschlagen, die seine 
Stabilitat und seine kinetische Tragheit erklart. Es werden Analogie- 
schlilsse gezogen zwischen diesem Komplex und tern&en Komplexen 
von UO,(VI)-Al(III)-Citrat und Cu(II)-Al(III)-Tartrat, die ebenfalls 
Stbrungen in erprobten analytischen Vorschriften verursachen. 

R&nn&Dans le dosage de petites quantites de cuivre dans certains 
alliages nar extraction en nhase liauide du bis-chelate du cuivre0 
------ADD r 

avec le 2,2’-biquinolyle, onla rappoit6 que la recuperation du cub& 
est faible lorsque le chrome(III) est present. L’influence defavorable du 
chrome(II1) pouvait &tre surmontee par addition de fer(II). On montre 
maintenant que l’influence inhibitrice du chrome est attribuable a la 
formation d’un complexe ternaire cinetiquement inerte des chrome(III), 
curvie et ions citrate contenant un nombre egal d’atomes de chacun 
des deux metaux. On peut d&placer le cuivre de ce complexe par 
n’importe lequel des cations de transition Mn(II), Fe(II), Co(B), Ni(II) 
et Zn(I1). On a montre que le zinc forme un complexe ternaire analogue 
par sa formule a celui du cuivre. On a dtudie polarographiquement la 
formation des complexes ternaires. On a passe en revue la formation 
de complexes binucleaires de divers hydroxyacides et propose une 
structure probable pour le complexe temaire, qui explique sa stabilite 
et son inertie cinetique. On degage des analogies entre ce complexe et 
des complexes ternaires de UO,(VI)--Al(III)-citrate et Cu(II)- 
Al(III)-tartrate qui causent egalement des interferences darts des 
techniques analytiques etablies. 
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Summary-A method is described for determination of low solubilities 
of water in organic liquids (such a8 are used in solvent extraction) 
by vacuum distillation of a suitably sized equilibrated sample through 
magnesium perchlorate in a conventional weighing tube. Tritium 
tracer is used to estimate completeness of water absorption. At 
the same time, the results serve to evaluate the ratio of tritium and 
water distribution coefficients for use in collateral determinations 
of water solubility by simple liquid-liquid distribution. The solubility 
of water in benzene, n-hexane, and cyclohexane is O-0363, 040362, 
and 040345M respectively. The dissolved water follows Henry’s law, 
the mole fraction constants being 000323, 04lOO476 and OGOO375 
respectively. 

IN STUDIES of solvent extraction systems we have a recurring need for information 
on the water contents of various water-immiscible organic diluents, in equilibrium 
not only with pure water but also with solutions over a range of water activities. 
From our own experience and the variations among published results, Karl Fischer 
titration is not very satisfactory for these low-level analyses. Use of tritium as an 
analytical tracer1 is simple, precise and sensitive, but (in contrast to tracer isotopes 
of heavier elements) the isotope effect between T and H cannot be ignored. Moule 
has discussed the fractionation factors of H,O, HDO and HTO between water and 
benzene, and has reported a sophisticated isotope-dilution method for measuring 
the solubility of water in non-polar organic liquids .a We have developed a relatively 
simple method for measuring water solubility, based on use of tritium tracer (1) to 
monitor the recovery of water in a conventional gravimetric water determination, 
and (2) to measure tritium distribution between aqueous and organic phases over a 
range of water activities. Besides giving a direct measurement of water content at 
one point, the first step provides the ratio of water and tritium distribution coefficients 
needed to calculate water distributions from the tritium distributions of the second 
step. 

Reagents 
EXPERIMENTAL 

Tritiated water. Tritiated water at 5 C/ml, New England Nuclear Corp., was diluted to about 
1 mC/ml for use, Trithun activity in initial and product samples was determined by liquid scintillation 
counting with a Packard Tri-Carb Scintillation Spectrometer. Counting efficiency was checked by 
use of tritiated biphenyl as an internal standard. 

Solvents. Phillips Petroleum Corp. 99 % n-hexane was further purified by shaking it with concen- 
trated sulphuric acid until no further discoloration occurred. It was then washed with water and 
dried with sodium sulphate. Benzene was the usual thiophene-free reagent, recrystallized three times. 
Cyclohexane was spectral-grade reagent. 

Salts. Salts used to set the water activities, ‘9‘ listed in Table I, were analytical-grade reagents. 
To avoid possible water contamination and resulting error in hydrogen: tritium ratios, lithium chloride 

* Research sponsored by the U.S. Atomic Energy Commission under contract with fie Union 
Carbide Corporation. 
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was used only from freshly-opened bottles. Sodium bromide and the hydrates MgCl,.6H,O and 
KICOJ5 HpO were dried over magnesium perchlorate. The hydrated salts were also handled, 
in parallel tests, by total dissolution in warm solution to permit isotopic equilibration. Enough salt 
reprecipitated at 25” to ensure continued saturation, and the nominal water of hydration was included 
in calculation of the hydrogen: tritium ratio. Chloride and carbonate analyses of the resulting 
solutions contirmed that both methods gave correct results. The magnesium perchlorate used was 
reagent grade. 

TABLE I.-WATERACITVITIESIN SATURATED SALT SOLUTIONS 
(MOLEFXACTXONSCALE)* 

K&r& 0.980 KBr 0.807 K&0,.1*5 Ha0 0.428 
KNOS O-925 NaCl 0.753 MgCl& I&O O-330 
KC1 O-843 NaBr 0577 LiCl o-110 

* From Ref. 3. LiCl also used in unsaturated solutions, water 
activities from Ref. 4. 

Distribution measurements 

The aqueous phases consisted of tritiated water, either pure or containing a salt to adjust the water 
activity to a desired level. Usually the salt (Table I) was used at saturation, with excess of solid 
present, to give an invariant system. Unsaturated lithium chloride solution was used in a few tests, 
its concentration after equilibration being determined by Mohr chloride titration. In each test a 
small amount of the chosen aqueous phase was shaken with 10 ml of the organic liquid in a small 
screw-capped vial on a wrist-action shaker at 25’. After at least 1 hr, the phases were allowed to 
separate and then were sampled for tritium analysis. In some cases the phases were separated by 
centrifugation; these showed no detectable change in tritium content. 

Fzo. l,-D~st~lation system for gravimetric water dete~ation. 
P: Distillation pot (500 or 1000 ml) in heating mantle with magnetic stirrer M and 
thermocouple T. W: Absorption tube charged with magnesium perchlorate. 

C: Receiver, cooled with ice or dry-ice. V: Vacuum system. 

Gravimetric measurements 

A volume of the organic liquid (100-600 ml) suflicient to dissolve a convenient weight of water 
was equilibrated with a slight excess of tritiated water in a se~atory-feel, by ~t~ttent shaking 
over a period of at least 8 hr in a thermostat. 
and then were sampled for tritium analysis. 

The phases were allowed to separate for at least 16 hr, 

into a boiling tlask, which was made the pot 
Most of the organic phase was weighed (& O-1 g) 

of a closed distillation system (P of Fig. 1). After the 
distillation train had been carefully evacuated and closed off from the vacuum system, the organic 
sample was distilled through the ma 

F 
esium perchlorate weighing tube ( W) into the cold receiving 

flask (C). The pot temperature was eld not much above room temperature, usually below 40”. 
The weighing tube was evacuated again to remove any condensed or sorbed trace of the organic 

compound. It was then opened briefly to atmospheric pressure and weighed, with the technique 
described by Trusell.” The magnesium perchlorate was then dissolved for measurement of its tritiurn 
content. The pot was rinsed with 5 ml of acetone, which was counted to measure any residual 
water. A sample of the organic condensate was also counted to measure any water that had escaped 
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absorption in the weighing tube. The total tritium found was checked against the tritium concentra- 
tion found initially in the organic phase. 

In most of the tests, the distillation system up to the cold receiver was enclosed in a light plastic 
bag that was loosely inflated with a slow stream of dried air (Drierite and dry-ice cold trap), so that a 
completely leak-free distillation system was not needed. Although not essential, this proved to be a 
worthwhile convenience. 

RESULTS AND DISCUSSION 

The gravimetric results for water solubilities in three frequently used diluents 
are presented in Table II, along with other values from the recent literature. The 

TABLEII.-MOLARSOLUBILITYOFWATERINORGANICDILUENTSAT 
25°C 

Source and method Benzene n-Hexane Cyclohexane 

This work: tritium-monitored 
gravimetric 

Moule,’ isotope dilution 
Masterton,O K. Fischer titrn. 
Johnson,’ K. Fischer titrn. 
Hiigfeldt: K. Fischer titrn. 
Eng1in.O CaHa method 
Others? 

0.0363 0.00362 000345 
0.0359 
0.0347 
0.0349 0.0024 
0.032 
O-032* 00043* 0+069* 
@006- 0*0038 0+02- 
@036 O-008 

* Our interpolation from solubilities reported at 10” intervals between 0 
and 50°C. 

t Range of values reported in several other publications since 1954. 

solubility in benzene agrees well with Moule’s value, whereas most of the other values 
for benzene range somewhat lower. (We interpolated to 25” from Englin’s results 
listed at 10” intervals, and interpolation error might contribute to the difference; 
however, a plot of Englin’s values for benzene falls below Mottle’s by 10% at 25” 
and by 28% at 50”. Moule’s value, reported for 24*54”, was also adjusted to 25”. 
The other values cited were reported for 25”.) The solubilities found by us are con- 
siderably lower than Englin’s for n-hexane and cyclohexane, and higher than Johnson’s 
for cyclohexane. 

In all of our tests, the tritium tracer showed that less than O-1 y0 of the water either 
remained in the distillation pot or passed through the absorber to the receiver; the 
loss was less than 0.05% in the case of benzene. These are negligible quantities. 
However, if larger losses should occur, they can be corrected for by means of the 
tritium distribution. Such correction will not require any allowance for the difference 
in vapour pressures between normal and tritiated water, for so long as nearly all of 
the water is collected, there will be almost no net fractionation. 

The ratio of water and tritium distribution coefficients, DtnBo,/D,,,, is given by 

(mg H20/dorg CT cpml&rg 
(mg H&V&, I CT cpmkh 

The aqueous ratio (T cpm/mg H,O& was determined by counting a sample of each 
equilibrium aqueous phase, and was checked by calculation from the initial aqueous 
phase count-rate and the quantities transferred to the organic phase. The organic- 
phase ratio (mg H,O/T cpm),, was determined directly from the weight of water 
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and the tritium count-rate found in the absorption-weighing tube, and was checked 
by calculation from the gravimetric water solubility and the measured count-rate 
of a sample of the equilibrium organic phase. The resulting distribution coefficient 
ratios were 1.07 for benzene, 1.23 for n-hexane and 1.27 for cyclohexane. The value 
of the distribution coefficient ratio found for benzene is considerably smaller than 
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I I I I I I I I I 

I 
I I I I 

,,,,,i 

m” 
2 0.0004- 

2 
2 

0.0002 - 

Water Activity, a” o 
2 

FIG. 2.-Water contents of organic diluents as a function of water activity (Henry’s law 
plots). 

o Cyclohexane, o n-hexane, o benzene (saturated salt solutions); 0 benzene 
(unsaturated LiCl solutions). 

the fractionation factor, 1.16, estimated by Moule.a At present we have no explana- 
tion to offer for this difference. 

Liquid-liquid distribution of the tritium tracer between aqueous solutions and 
each of the three hydrocarbons was directly proportional to the water activity, 
urro, over the entire range. If it is correct that the ratio of tritium and water distribu- 
tion coefficients remains essentially constant in each system, this means that water 
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dissolved in benzene, n-hexane and cyclohexane follows Henry’s law for all water 
activities (Fig. 2), the mole fraction constants being 0~00323,0900476 and OXKKI375, 
respectively. 

The (thermodynamic) activity of the tritiated species (presumably HTO) may 
not be exactly proportional to the activity of water throughout the series of salt 
solutions, and hence the ratio of distribution coefficients may not be constant. 
However, if the activity does vary to a significant extent, it would mean that water 
deviates from Henry’s law in exactly the same way in all three diluents (and some 
others*), and also in just the right way to match and cancel the variation in ratio of 
distribution coefficients. We consider this highly improbable, and hence have not 
considered it necessary to check the water contents at intermediate water activities 
by the gravimetric method. 

We estimate the precision of the gravimetric measurements to be better than 1%. 
Which steps limit the precision depends on choice of the volume for distillation, 
specific activity of the tritium, and size of sample taken for counting. At the lower 
solubilities the distillation volumes were kept small; so the precision depended on 
the reproducibility of absorption tube weight, e.g., 25 mg net increase in 70 g gross 
weight (balanced against a tare tube), weighable to <O-O1 mg and reproducible to 
~0.1 mg or t0*5%. Use of tritium at the 1 mC/ml level was sufficient to limit the 

of water recovery to within 0.05% if O-l-ml samples of the benzene distil- 
unted and to within O-1 y0 with I-ml samples of the other hydrocarbons. 

The cougting statistics of the relatively large quantities of tritium in the aqueous 
phase, saturated organic phase, and dissolved magnesium perchlorate gave an error 
of <0*4%. 

CONCLUSIONS 

Low levels of water dissolved in moderately volatile hydrocarbons, etc., can be 
determined relatively simply by gravimetric absorption monitored by tritium tracer, 
with no specialized equipment other than a suitable counter for the tritium. After 
being determined at one or a few water activities, water solubilities can be obtained 
at other activities even more simply by tritium-traced liquid-liquid distribution. 

Water dissolved in benzene, n-hexane and cyclohexane follows Henry’s law over 
the entire range of water activities. The solubilities at aHSo = 1 are respectively 
0*0363,0*00362 and OX)0345 M, corresponding to mole fractions of 0~00323,0X~IO476 
and 0.000375 (i.e., Henry’s law constants). 
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Zusammenfassuag-Eine Methode zur Bestimmung kleiner Ltislich- 
keiten von Wasser in organischen Fliissigkeiten (wie sie bei der 
Solventextraktion verwendet werden) wird beschrieben, wobei eine 
~uilib~e~e probe geeigneter Gr%e im Vakuum durch Ma~esi~- 
perchlorat in einem iiblichen W~ger~h~hen destilliert wird. Zum 
Nachweis vollst&ndiger Absorption des Wassers wird T&&m-Tracer 
verwendet. Gleichzeitig dienen die Ergebnisse zur Bestimmung des 
Verhlltnisses der Verteilungskoefllzienten von Tritium und Wasser 
bei Parallelbestimmunrren der Wasserl&lichkeit durch einfache 
fliissig-fltissig-Verteilung Die LISslichkeit von Wasser in Benzol, 
n-Hexan und Cyciohexan ist 0,0363; O,OO362 bzw. 0,00345M. Das 
geliiste Wasser folgt dem Hemyschen Gesetz, wobei die Molen- 
b~c~onstante~ 0,00323; 0,000476 bzw. 0,000375 betragen. 

R&sum&On d&&t une methode de d&termination de faibles solu- 
bilitCs de l’eau dans des liquides organiques (comme ceux utilisbs 
dans l’extraction par solvant) par distillation sous vide d’un &chantillon 
6quilibrb de dimensions convenables a travers du perchlorate de 
magn&um dans un tube ti peser ordinaire. On utilise le tritium comme 
trace- pour estimer le caract&e total de l’absorption de l’eau. En 
meme temps, les tisultats servent & &aIuer le rapport des coefiicients 
de partage du tritium et de l’eau pour l’utiliser dans des dkterminations 
collat&ales de solubilitC de l’eau par simple partage liquide-liquide. 
La solubilitb de l’eau dans le be&ne, le n-hexane et le cyclohexane 
est 0,0363; 0,00362 et 0,00345iIY respectivement. L’eau dissoute 
suit la loi de Henry, les constantes de fraction de mole &ant 0,00323; 
0,000476 et 0,000375 respectivement. 
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Summary-The solvent extraction behaviour of thiocyanic acid with 
isobutyl methyl ketone and xylene as solvents is described. In the 
ketone system the thiocyanic acid is solvated in the organic phase to 
give a complex with a proposed composition of HSCN .2IBMK. 
Deviations from ideal b-ehaviour, which can be attributed to variations 
in the activity coefficient of the acid in the aqueous phase, are shown. 

EXTRACTIONS of metal thiocyanate complexes from aqueous solutions into water- 
immiscible solvents have been extensively rep0rted.l” The thiocyanate/water- 
insoluble ketone systems in particular have aroused considerable interest in the 
separation and purification of hafnium and zirconium.*” However, very little work 
has been done on the m~hanisms involved in these extraction systems. It has been 
qualitatively shown that thiocyanic acid can be extracted from aqueous solutions 
with ether.’ Investigations on the extraction behaviour of thiocyanic acid have also 
been conducted with TBP6 and di-isopentylmethylphosphonates as solvents. Vinarov 
et aZ.10 studied the extraction of thiocyanic acid by acetophenone from a salted system. 

Although there does not appear to be agreement in the literature on the exact 
strength of thiocyanic acid, it is generally accepted that it is a strong acid.ll-ls In 
this paper it is assumed that thiocyanic acid is almost completely ionized in aqueous 
solution under the experimental conditions used, but for the sake of brevity it will 
be indicated by HSCN. 

Metal thiocyanates are normally extracted from highly salted solutions, but 
preliminary experiments indicated that it is extremely difficult to explain the extraction 
behaviour of thiocyanic acid in such solutions. 

The purpose of this investigation was to gain a clearer insight into the fundamental 
processes involved in the liquid-liquid extraction behaviour of thiocyanic acid in 
unsalted solutions, using xylene as an example of a non-polar solvent, and isobutyl 
methyl ketone as an example of a polar solvent. 

Reagents 
EXPERIMENTAL 

Isobutyl methyl ketone (IBMK). BDH “Laboratory Reagent” grade. 
Sodium thiocynnate. Merck “Pure” grade. All other reagents were of analytical reagent grade. 

Procedure 

All the distribution experiments in this study were carried out by the batch-extraction method, at 
25” f 09, with equal volumes (10 ml) of both phases. ~t~ate mixing of the phases was effected 
by stirring for 2 min with high-speed stirrers equipped with glass paddles. 
phases was aided by centrifugation. 

Clean separation of the 

Thioc 
with sulp x 

anic acid (HSCN) solutions were prepared by mixing a solution of sodium thiocyanate 
uric, hydrochloric or perchloric acid and extracting with IBNI(. The solution of thiocyanic 
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acid in IBMK was then washed twice with small quantities of distilled water to remove any mechan- 
ically entrapped mineral acid, and centrifuged to remove any free water. Aqueous solutions of 
thiocyanic acid were prepared by back-extraction of the IBMK-thiocyanic acid solutions with distilled 
water. 

When the distribution of thiocyanic acid between water and IBMK was determined, the HSCN 
was initially in the organic phase. With xylene as organic phase, aqueous HSCN solutions were used, 
twice urewashed with xvlene to remove traces of dissolved IBMK. 

Afier it had been determined that thiocyanate and hydrogen ions are extracted in equivalent 
amounts, equilibrium HSCN concentrations in both phases were determined only by direct titration 
with standard sodium hydroxide, Bromocresol Green being used as indicator. This agrees with the 
results of ether extractions reported by Lewis and Skoog.‘? 

In experiments involving constant equilibrium thiocyanate concentrations in the aqueous phase, 
the aqueous thiocyanate concentrations were determined argentimetrically.r7 

Volume changes of the phases were determined by extracting aqueous HSCN solutions with IBMK 
in graduated cylinders with ground-glass stoppers, and reading the volume changes after the phases 
had completely separated. No signilicant volume changes were observed when xylene was used as 
solvent. 

RESULTS AND DISCUSSION 

In the extraction of HSCN by organic solvents, equilibrium is attained very 
rapidly. Thus, in a typical experiment with IBMK as solvent, and extraction times 
of 5 set, 10 set, 1, 5, 10 and 30 min, the distribution coefficient values were 0.786, 
0.786, O-785, O-786, 0.764 and O-784, respectively, 

In order to ascertain that true equilibrium conditions were reached in the distri- 
bution of HSCN between IBMK and water, two series of experiments were performed; 
one with HSCN initially in the IBMK and the other with the HSCN initially in the 
aqueous phase. It was found that for a particular equilibrium acid concentration in 
the aqueous phase, the distribution coefficient was constant. Furthermore, it was 
shown that the distribution of HSCN is also independent of the mineral acid used 
in its preparation. These results were taken to be sufficient proof that the HSCN used 
in this study was not contaminated with any mineral acid. 

IBMK system 

Fairly large volume changes of the phases were observed during the extraction 
of HSCN with IBMK. The increase in volume of the IBMK phase, as a function of 
the HSCN concentration in this phase, is shown in Fig. 1. 

When HSCN is extracted by IBMK, and if solvation of the extracted acid occurs 
in the organic phase, the reaction may be formulated as follows: 

H+aq + SCN-,, + xIBMK,,, Z HSCN . xIBMK,,, 

with the following equilibrium constant: 

(1) 

where 

Thus 

K= 

= 

[HSCN . xIBMK],,, 

W+l,, WW,, [IBM%, 
(2) 

DHSCN 

W+l,, [IBMWr, 

D HSCN = 

WW,,, 
WN-I,, * 

D HSCN = MH+l,, WMKl&, 
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and 

log %wN = log K + log [H+l,, + x log [IBMKI,,, (3) 

where the brackets denote concentrations. For a stricter definition, concentrations 
should be replaced by activities, but, as these are unknown, concentrations were used 
as an approximation. 

Now from equation (3), if the equilibrium acid concentration in the aqueous 
phase is kept constant, then a log-log plot of DnScN as a function of the equilibrium 

FIG. I.-Volume change of IBMK as a function of HSCN concentration in the IBMK. 

IBMK concentration should give a straight line with slope equal to the solvation 
number of the IBMK for the HSCN. The IBMK concentration was varied by dilution 
with n-heptane, which by itself gave negligible extraction of HSCN. The resulting 
plot was a straight line (Fig. 2) with a slope of 2 indicating that the solvate formed 
[equation (l)] is HEN. 21BMK. 

Figure 3 shows a log-log plot of the distribution coefficient of HSCN between 
IBMK and water vs. the equilibrium acid concentration in the aqueous phase. If 
the HSCN was not solvated by the IBMK in the organic phase, and the activity 
coefficient of the acid in the aqueous phase remained more or less constant over the 
concentration range studied, a straight line with a slope of 1 should have been obtained 
[equation (3)]. The observed deviation of the distribution curve from linearity may 
then be attributed only to the change in concentration of the solvent and to the second 
power dependence of the distribution on the solvent concentration, provided the 
activity coefficient of the HSCN remained constant over the range under investigation. 

The equilibrium concentration of IBMK was calculated in the following way; 
first the decrease in concentration due to the dilution of the IBMK, caused by the 
volume increase on extraction of HSCN, was considered. At each equilibrium 
HSCN concentration in the organic phase the volume increase, a%, was read from 
the curve in Fig. 1, and the resultant concentration of the IBMK S/(100 + a) mole/l. was 
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FIG. 2.-The logarithm of the distribution coefficient of HSCN as a function of the 
logarithm of the IBMK concentration at an equilibrium aqueous HSCN concentration 
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FIG. 3.-Logarithm of the distribution coefficient of HSCN between water and IBMK 
as a function of the logarithm of the equilibrium aqueous HSCN concentration. 
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calculated, the concentration of pure IBMK being 8M. From the concentration 
thus obtained, twice the concentration of the HSCN in the IBMK was subtracted, to 
correct for the IBMK used in the solvation of the acid, 

From equation (2) and the corrected concentration values for the solvent, the 
concentration equilibrium constant for the reaction, as shown in Fig. 4, curve (a), 

Fm. 4.-Equilibrium constant as a function of the equilibrium aqueous HSCN con- 
centration with UBMK as solvent. 

Curve (a): with pure. HSCN 
Curve (6): at constant ionic strength of 1M thiocyanate. 

was calculated. When the equilibrium constant is plotted as a function of the equilib- 
rium acid concentration in the aqueous phase, a curve similar to the typical activity- 
coefficient curve for aqueous electrolyte solutions is obtained. However, when the 
experiments were repeated at a constant ionic strength of LW thiocyanate in the 
aqueous phase by the addition of NaSCN, an equilibrium constant of O-1 14 + 0.003 
[Fig. 4 curve (b)], was found for the aqueous acid concentration range O*Ol-O5M. 
This is taken to be a strong indication that the variation of the equilibrium constant 
Wig. 4 curve (a)], observed in pure HSCN solutions, is solely a function of the 
change in activity coefficient of the aqueous HSCN. 

As IBMK is a polar soIvent, the possibility exists that HSCN may dissociate in the 
solvent. This would give rise to a variation in activity coefficient with variation in 
acid concentration in the organic phase, and thus also influence the equilibrium 
constant. In view of the results of Fig. 4 curve (b), however, this effect (if present) 
is negligible. 

Xyjene System 

It is unlikely that any dissociation of HSCN takes place in xyIene which is a non- 
polar solvent. Furthermore, since the concentration of the acid in xylene was always 
very small because of the low distribution coefficient of HSCN in this system, the 
activity coefficient of the HSCN in xylene was assumed to be constant. 

Two series of extraction experiments were performed on aqueous solutions of 
HSCN, with xylene as the extractant. Here again the extractions were first performed 
on pure HSCN solutions. The values of the equilibrium constant obtained are shown 
as a function of equilibrium aqueous HSCN concentration in Fig. 5 curve (a). Again, 
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the typical activity coefficient curve of an electrolyte solution is observed. When the 
experiments were repeated at a constant thiocyanate concentration of IM in the 
aqueous phase, the value of the equilibrium constant [Fig. 5 curve (b)] was Ml48 f 
~~~~~. This conclusively proves that the deviations observed are only a function of 
the activity coefficient of the HSCN in aqueous solution. 

0~0 I I L I I 
0.2 

O+ 

04 IO 

FIG. %-Equilibrium constant as a function of the equifibrium aqueous HSCN con- 
centration with xylene as solvent. 

Curve (a): with pure HSCN 
Curve (b): at constant ianic strength of IM thiocyanate. 

These results clearly show the differences in extraction behaviour of HSCN 
when polar and non-polar solvents are used. Preliminary results, with alcohols and 
ethers as solvents, indicate that HSCN is also solvated in these systems but that the 
solvation number is not necessarily the same as that in IBMK. 

Acknow&#pments-We wi& to thank f. Crowther and M. C. B. Smit for their helpful discussions, 
and K. S. de Haas for his capable assistance with the experimental work. 

Zusannnenfassung-Das Extraktionsverhalten von Rbodanwasser- 
stoffs5iure in Isobutylmethylketon und Xylol wird beschrieben. Im 
Keton-system ist die ~odanw~se~toff~~e in der organischen 
Phase solvatisiert ; fiir den Komplex wird die Z usammensetzung 
I-F&X-2IBMK vorgeschlagen. Abwei~h~~ vom ideaien Ver- 
halten werden gezeigt, die auf eine Anderung des AktivitidtskoefIizienten 
der Saure in der w%rigen phase zurtickgefiihrt werden kiinnen. 

R&surn~n d&it le comportement a I’extractian par solvant de 
I’acide thiocyaujque avec la m6thylisobutylcetone et le xylene comme 
solvants. Dans le systeme c&tone, l&de thiocyanique est s&ate 
dans la phase organique pour dormer un complexe pour fequel on 
propose la composition HSCN, 2IBMK. I1 se manifeste des deviations 
par rapport au comportement ideal, que Ton peut attribuer & des 
variations du coefficient d’activit& de l’acide dans la phase aqueuse. 
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Sunnnary-The extraction of hafnium(IV) tracer by N-benzoyl-N- 
phenylhydroxylamine (BPHA) from 1M perchloric acid has been 
investigated and stability constants have been calculated for the 
complexes Hf(BPHA)p-*l+ (i = 1 . . .4). It was found that variation 
of perchlorate concentration in the range 0.5-2.OM at constant acidity 
has no effect on the distribution of hafnium. 

IT HAS previously been established that hydroxamic acids possess high complexing 
power for quadrivalent ions such as zirconium(W), hafnium(IV) thorium(W) and 
plutonium(R). l4 This group of reag ents is therefore of particular interest in the 
investigation of potential separation methods for these elements. Data on the rela- 
tive stabilities of the metal complexes are necessary for such studies, but are not avail- 
able in most cases. 

Considerable interest in the stability of metal hydroxamate complexes has also 
arisen due to suggestions ‘,* that radiolytic degradation or nitric acid attack could 
lead to the formation of hydroxamic acids in some organic diluents used for the 
recovery of plutonium and uranium from irradiated nuclear fuels. The presence of 
hydroxamic acids in the organic phase could for example explain the marked zir- 
conium-extracting properties observed in several cases8 

The only investigations of the behaviour of zirconium(W) and hafnium(IV) in 
aqueous solutions containing hydroxamic acids are those by Baroncelli and Grossi,Z 
who determined stability constants for zirconium benzohydroxamates in 1M per- 
chloric acid, and by H&la,6 who examined the extraction mechanism of zirconium(W) 
and hafnium(IV) by N-benzoyl-N-phenylhydroxylamine (BPHA) from strongly acidic 
(>6N) solutions. Although it is known that hafnium(IV) is also extracted from 
less acidic solutions,6 the extraction mechanism and the stabilities of the corresponding 
complexes have not been determined previously. It seemed therefore of interest to 
investigate in more detail the extraction of hafnium in tracer concentrations from 
0%2mOA4 perchloric acid. 

EXPERIMENTAL 

Reagents 

Hafnium. Hafnium tracer ( ‘76+‘81Hf) in hydrochloric acid solution was obtained from Amersham 
The solution was twice evaporated with concentrated perchloric acid and a stock solution in lO.OM 
perchloric acid was prepared. Tracer solutions for extraction experiments were prepared by diluting 
the stock solution to 1M perchloric acid. The hafnium concentration of these solutions was about 
2 x lo-8lV.r. 

N-Benzoyl-N-phenylhydroxyfamine. BPHA (Merck, pro anaZysi) was used as received. The 
distribution constants Kd between the organic phases and l&f perchloric acid were determined 
spectrophotometrically by measuring the absorbance of BPHA at 255 mp. 

* Seconded from South African Atomic Energy Board, Pelindaba to U.O.F.S. 
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All other reagents used in this 
were prepared from perchloric 

investigation were of analytical grade. Sodium perchlorate solutions 
acid and sodium hydroxide. Chloroform was shaken with 1M 

per&lb& acid to remove alcohol impurity. 

Procedure 

Experiments were carried out at 25”. Equal volumes (10-O ml) of organic and aqueous phases 
were stirred for 90 mitt (it was shown experimentally that extraction equilibrium is reached within 
this time). Organic phases consisted of chloroform solutions of BPHA; aqueous solutions were 
prepared by diluting 2.0 ml of hafnium tracer (in 1*0&f perchloric acid) with perchloric acid and 
sodium perchlorate to the required acidity and ionic strength. After centrifuging, 204 aliquots 
of both phases were counted with a well-type scintillation counter. Mass balance was always very 
good. 

RESULTS AND DISCUSSION 

Distribution constants 

An investigation of the distribution constant of BPHA between 1Mperchloric 
acid and benzene as a function of the total BPHA concentration has revealed that 
the activity of BPHA in the organic phase varies with concentration. A & value 
of 23 was obtained for [BPHA],,, up to about 1 x 10W3M, but this gradually 
increased with concentration to a value of Ke = 37 for [BPHAlt,, = 6 x 10-2M. 

The distribution constant for chloroform as organic phase remained essentially 
constant over the whole range of BPHA concentrations used in this work. This is 
also supported by the results of Dyrssen .l Chloroform was therefore preferred to 
benzene as solvent in the present investigation. A Kd value of 137 & 5 was obtained 
for the distribution of BPHA between chloroform and 1M perchloric acid. 

Efict of [ClO,-] and [H-+-J 

It has been suggested that hafnium(IV) is extracted into chloroform and benzene 
as the mixed complex [Hf(BPHA),(ClO&_,] f rom 0.5-2OM perchloric acid solutions 
containing BPHA. 6 In an attempt to investigate further the mechanism of this 
extraction, the effect of perchlorate concentration on the extraction of hafnium from 
solutions of constant acidity was studied. From the results (Fig. 1, curve 1) it is 
seen that the distribution ratio of hafmum remains the same when [H+] is kept 
constant at 0*5M and [ClO,] (and thus also the ionic strength) is varied from O-5 
to 2*OM. This is not in support of the view that hafnium(IV) is extracted as a mixed 
complex and would be more in agreement with Hf(BPHA), as the extracted complex. 

The dependence of the hafnium distribution on [H+] at constant ionic strength 
(p = 2.0) is shown in Fig. 1, curve 2. The slope of the line is 2.7. Assuming that 
hafnium was present as free unhydrolysed ions at the start of the extraction (as 
would be expected for IO-*M hafnium solution in 1M perchloric acid),‘13 this slope 
value could be due to (i) the extraction of a mixed BPHA-perchlorate complex, 
or (ii) the formation of the complexes Hf(BPHA)g4-i)+ (i = 1 . . .4) in the aqueous 
phase with Hf(BPHA), as the extracted complex. 

In view of the results obtained here, (ii) appears to be more likely. Such an expla- 
nation for the slope of curve 2 is also in agreement with the results shown in Fig. 2. 

Efect of BPHA concentration 

The variation of the extraction of hafnium(IV) with BPHA concentration is shown 
in Fig. 2 where log 4 (distribution ratio of hafnium) is plotted against log A. The 
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@and concentration, A, was calculated from the relationship 

A = Kw [HAlo 
[H+l& 

where [HA], is the concentration of BPHA in the organic phase, and K, is the dis- 
sociation constant for BPHA. The experimentally determined value (137) of Kd 
and Dyrssen’s value of K,, 7.08 x 1O-9, were used. l Introduction of this value for 
K, could cause a small negative error in the calculated values for A, as Dyrssen’s 
value was determined with a solution of ionic strength 0.1. In view of the magnitude 
of this effect, it is, however, unlikely that the results will be affected significantly. 

The shape of the curve in Fig. 2 (with limiting slope 2.6) is typical of what would 
be expected if, in addition to the extracted Hf(BPHA), complex, there are also 
complexes of type Hf(BPHA)j4-“‘+ (i = 1 . . . 3) present in the aqueous phase.ls 
Stability constants calculated by a modification of Leden’sl’ extrapolation method 
and the two-parameter method of Dyrssen and SillCr@ yielded the following results. 

Extrapolation method. The distribution equatio@ 

where qb denotes the distribution ratio of the metal ion, p. the distribution ratio of 
the extracted complex BA, and j3r . . . & the stability constants of the formed com- 
plexes, was transformed into the form 

A4 1 
z =pB U + A-4 + ,%A2 + AA3 + /$A41 

4 4 

(2) 

for the present case where c = N = 4. 
A value for p4 (Table 1) was obtained by extrapolating the function qb-l(A-‘) 

TABLE I.--STABILITY CONSTANTS AS CALCULATED BY THE 
EXl’RAPOLATION AND TWO-PARAMETER METHODS 

Extrapolation method Two-parameter method 

log P4 2.26 2.28 
log k, 13.66 13.78 
log k, 13.24 13.16 
log k, 12.25 12.54 
log k4 12.15 11.92 
log 84 51.30 51.40 

to A-’ = OP By successive formation of the functions 

-Fo = $ ‘~4 = $ [1 + /%A + /%A2 + p3A3 + ,84A4] 
4 

A4 -.p4_$ 

Fl = “’ A 4 = 18, + r62A + B3A2 + r84A3 

etc., the stability constants 0, . . . /14 were found from lim F,, lim Fl, etc. 
A-4 A-+0 
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The values for the overall stability constants j3r . . . /& thus obtained were substi- 
tuted into equation (2) and were refined by successive approximations until the best 
fit for the experimental data in Fig. 2 was obtained. These values (Table I, where 
stepwise stability constants are given) were used to construct the line through the 
distribution data in Fig. 2. 

Two-parameter method. Calculations were carried out according to the method 
described by Dyrssen and SilltrP for the case where N = 4. This led to the values 
CI = 12-85 and b = O-31 for the two parameters from which the approximate values 
for kl . . . k, in Table I were obtained. 

Acknowledgement-The author is indebted to the South African Atomic Energy Board, Pelindaba, 
for financial support and to Dr. D. M. Kemp for his encouragement and helpful discussion. 

Zusammenfassung-Die Extraktion eines Hafnium(IV)-Tracers aus 1M 
~berchlorsaure mit N-Benzoyl-iV-phenylhydroxylamin wurde unter- 
sucht und fur die Komplexe Hf(BPHA):‘-” (i = 1 . . .4) Stabilitats- 
konstanten berechnet. Veriinderung der Perchloratkonzentration im 
Bereich 0,5-2,0M hatte bei konstanter Aciditat keinen EinfiuD auf 
die Verteihmg von Hafnium. 

R&unUn a CtudiC I’extraction du traceur hafnium(IV) par la 
N-benzoyl N-phenylhydroxylamine (BPHA) a partir d’acide per- 
chlorique 1M et I’on a calcule les constantes de stabilite pour les 
complexes Hf(BPHA)!“-” (i = 1 . . .4). On a trouve qu’une vari- 
ation de la concentration en perchlorate darts le domaine 0,5-2,OM 
a acidite constante n’a pas d’intluence sur le partage du hafnium. 
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Summary_-A procedure for the separation of gold from precious 
metal concentrates, based on its extraction by “dibutyl carbitol”, is 
described. Spectrographic analyses indicate that the resultant metal 
is of high purity and tests have shown that recovery of the element is 
essentially quantitative. It appears that advantages could ensue from 
the inception of a scaled-up version of the procedure in an 
industrial process for the ref%ing of precious metals. 

THE OPEXATIONS at the International Nickel Refinery at Acton are based entirely on 
the refining of concentrates of precious metals which are produced during the large- 
scale extraction of nickel, copper and other elements from ore mined in Canada.l** 
Consequential amounts of gold and silver are isolated at the refinery in addition to 
the platinum, palladia, rhodium, ruthenium and iridium.8 For many important 
applications the metals are required in a very high state of purity and there is contin- 
uous research designed to improve the methods of refining. The present article 
deals with a laboratory-scale study of a procedure, based on solvent extraction, for 
the separation of pure gold from the precious metal concentrates. 

In the current commercial refining process the concentrate is initially treated with 
fzqufr regia. Gold, platinum, palladium and base metals dissolve, while rhodium, 
ruthenium and iridium remain unattacked with the residue of silver chloride formed 
during the treatment. The gold is recovered by addition of iron(I1) sulphate to the 
solution, which precipitates the metal as a brown sponge. The precipitate of impure 
gold is melted and cast into anodes for subsequent electrolytic refining. The pure 
sponge obtained by electrolysis is finally melted and granulated for marketing as 
gold grain. The resultant metal is of high quality, but the separation and refining 
have certain disadvantages; the reduction with iron(I1) sulphate gives rise to problems 
with effluent and the electrolysis is time-consuming. These inconveniences are 
obviated in the method for refining the gold by solvent extraction. 

It has long been known that gold(II1) may be readily extracted into basic organic 
solvents from aqueous solutions of hydrochloric acid and this fact has been widely 
put to use in analytical chemistry for separating the element from many others!-r 
For the present work “dibutyl carbitol” (diethyleneglycol dibutyl ether, butex) was 
selected as the extractant. This material has the practical advantages of low volatility 
(b.p. 254*6’), high flash-point and low solubility in water. Moreover, unlike more 
basic solvents such as tri-n-butyl phosphate (TBP)**@ and tri-n-octyl phosphine oxide 
~OPO)~O dibutyl carbitol does not extract platinum metals from aqueous solutions 
containing hydrochloric acid. 

* Part II-,Se~ration Sci., 1967, 2,635. 
t On leave from the Institute of Chemistry, The Panjab University, Lahore, West Pakistan. 
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In our method gold(II1) is extracted into dibutyl carbitol from the solution 
resulting from the aqua regiu treatment of a precious metal concentrate. The organic 
layer is separated and washed with 1.5M hydrochloric acid. The extracted gold is 
then reduced to metal in situ by warming the solvent phase in contact with an aqueous 
solution of oxalic acid. This reduction in the presence of dibutyl carbitol precipitates 
the metal in a very well coagulated form. An essentially quantitative recovery of 
gold is achieved by the procedure and decontamination from other elements is 
excellent. An important feature of the method is that it separates gold without 
interfering with the refining of the platinum metals. 

So[vent 
EXPERIMENTAL 

Dibutyl carbitol was obtained from Union Carbide U.K. Ltd. and was always purified before use, 
as follows. In a separatory-funnel shake 100 ml of the ether with 20 ml of 2 % potassium perman- 
ganate solution in 1M sulphuric acid and drain off the aqueous phase. Repeat this treatment and 
wash the organic phase with water. Add 100 ml of 30% iron(I1) sulphate solution in 1M sulphuric 
acid and leave the phases in contact for 4 hr, changing the ferrous sulphate solution after 3 hr. Run 
off the aqueous layer, wash the organic phase twice with water and then equilibrate it with 50 ml of 
5 % sodium carbonate solution for 10 min. Finally agitate the solvent twice for 5-min periods with 
4M hydrochloric acid. 

General procedure 
To 15 g of precious metal concentrate add 50 ml of 1 l-6M hydrochloric acid, 5 ml of 16M nitric 

acid and 50 ml of water and digest the mixture overnight on a steam-bath (70-100”). Filter through a 
s intered glass crucible and wash the residue with 4M hydrochloric acid, Make up the filtrate and 
washings to a volume of 100 ml with 4M hydrochloric acid. Transfer the solution to a separatory- 
funnel and shake it with 100 ml of dibutyl carbitol for 2 min. Drain off and retain the aqueous layer 
to be worked up for platinum and palladium. Shake the ether layer, which contains the gold, with 25 
ml of 1*5M hydrochloric acid. Run off the aqueous layer and shake the ether again with two further 
25-ml portions of 1.5M hydrochloric acid. Discard the aqueous washings. 

Run the dibutyl carbitol extract into a beaker containing 100 ml of 5 % oxalic acid solution and 
keep it at 70-80” on a steam-bath for 4-5 hr with occasional stirring to ensure complete reduction of 
gold to the metallic state. Filter off the metal in a sintered glass crucible and wash it successively with 
4M hydrochloric acid, water and methylated spirit. Finally ignite the gold to constant weight. 

Tests of the eficiency of the procedure 

The yield of gold obtained by the procedure was determined by weighing the metal isolated from 
concentrates which had been analysed previously in more than one laboratory. In addition, yields 
were determined radiochemically by use of 188Au as a tracer. 

The method was tested with two concentrates containing about 5 % of gold and having a total 
precious metal content of ca. 70%. Elimination of impurities, achieved by the procedure, was 
ascertained from spectrographic analyses. Samples of the refined gold (0.2 g) were burned in a 
graphite electrode, in a 6-A d.c. arc, with the metal in the cathode. Exposures were for 1 min and 
spectra were recorded on Kodak B 10 photographic plates in a Hilger automatic quartz spectrograph 
E 742. Spectral line intensities were determined by use of a recording microphotometer and a gold 
line was used as an internal standard when appropriate. 

Measurement of distribution ratios 

In the development of the procedure it was necessary to determine the partition behaviour of 
gold and certain other elements between dibutyl carbitol and hydrochloric acid. Distribution ratios 
were measured radiochemically at 20” by the usual techniques employed in our laboratory;” gold-198, 
iron-59, arsenic-76, antimony-124 and tin-113 were used as tracers for the respective elements. 

RESULTS AND DISCUSSION 

In Table I are shown results of determinations of the yield of gold attained by the 
procedure. From these it can be seen that the recovery of the element from concentrates 

is almost quantitative. 
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TABLEI.DETERMINATION OF THB RECOVERY OF GOLD BY (a) GRAVIMETRIC AND 
(b) RALXOCHEMICAL MEASUREMENT 

(a) 

Weight of gold in sample 
of concentrate taken- 
based on independent 

analysis, g 
Weight of gold 

recovered, g 

Concentrate A 

Concentrate B 

(b) 

0.269 0.2662 
0.268 0.2690 
0.281 0.2815 
0.281 0.2806 

Gold-198 activity added 
to sample of concentrate, 

Gold-198 activity in 

counts/lOO set 
recovered gold, 
counts/l00 set 

Concentrate A 60532 60069 
Concentrate B 60080 59560 

In these tests the weight of sample taken was ~5 g. The amounts of reagents used 
in the separations, relative to the weight of concentrate, were the same as described in 
the general procedure. 

The error of the count rates is &0.4x. 

Results of spectrographic analyses of samples of gold separated from two precious 

metal concentrates by the solvent extraction method are listed in Table II. The 
analyses indicate that the purity of the product is excellent. 

Although it should be emphasized that the present study has been carried out 
only on a laboratory scale, the results suggest that it could be advantageous to use 
a scaled-up version of the method in place of the process currently employed in the 
refining of gold from concentrates of precious metals. 

TABLEII.-SPECTROGRAPHIC DETERMINATION OF ELEMENTS IN SAMPLES OF GOLD SEPARATED 
PROM PRECIOUS METAL CONCENTRATES BY THE SOLVENT J3XTRACnON PROCEDLIRB 

Results in % 

Trace 
element 

Amount in gold from 
concentrate A, % 

1 2 

Amount in gold from 
concentrate B, % 

1 2 

Pt 
Pd 
Rh 
Ru 
Ir 
Ag 
Sn 

Mg 
Cr 
Fe 
Cu 
Si 
As 
Pb 
Sb 
Zn 
Bi 

n.d. 
n.d. 

<@OOl 
n.d. 
0.0027 
0.0005 
n.d. 

to.0001 
<OXKKll 

00301 
<oQOO1 

0*0015 
<O.OOl 

0.0001 
to.001 
<0~0001 

n.d. 

n.d. 
to.001 
to*001 

n.d. 
0+013 
o+lOO5 
n.d. 

<0*0001 
<OoOOl 

0@001 
<0~0001 

0+015 
<@OOl 

O*OOOl 
<0XlO1 
to*0001 

n.d. 

n.d. 
<O+lOl 
<O*OOl 

n.d. 
o+KKl2 
o+lOO2 
n.d. 

<O~OOOl 
<00301 

OMOl 
<0XlOO1 

O%XM8 
<0~001 

O*OOOl 
<oXlO 
<0~0001 

n.d. 

n.d. 
to.001 
<O*OOl 

;:&05 

0*0002 
n.d. 

<O~OOOl 
<O*OOOl 

O*OOOl 
<O*OOOl 

0.0018 
to*001 

00001 
to+01 
t0*OcO1 

n.d. 

n.d. not detected. 

16 
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FIG. I.-The influence of hydrochloric acid concentration on the extraction of chlorides 
by dibutyl carbitol. 

Initial molarities of elements in the aqueous phase: Au(III), 3.84 x 1O-8; Fe(III), 
1.07 x 10-8; As(III), 160 x 1O-p; Sb(III), 1.80 x lo-*; Sb(V), 1.80 x lo-“; 

Sn(IV), 9.61 x lo-‘. 

Distribution of gold and some other elements between 
dibutyl carbitol and hydrochloric acid 

In the development of our purification method it was necessary to determine the 
distribution behaviour of gold and certain other elements between dibutyl carbitol 
and hydrochloric acid. Our experimental results are illustrated in Fig. 1 by the plots 
of degree of extraction, E, as a function of the hydrochloric acid concentration 
of the aqueous phase Cut,. The values of E refer to equal volumes of organic and 

TABLE III.--VARIATION OF DISTRIBIJTION RATIO D FOR GOLD WITH CONCENTRATION OF THE 

ELEMENT 

CECL, M 
Initial gold(II1) concentration of the aqueous phase 

6.09 x lo-‘M 3.20 x lo-‘M 3.84 x lo-‘M 

1 8.28 86.8 464 
2 20.8 118 885 
3 29.4 295 1820 
4 45.6 1065 3166 
5 82.0 2590 5380 
6 152 4800 10000 

aqueous phase, the dibutyl carbitol having been equilibrated, before use, with aqueous 
phase with no metal present. For the most part the curves are similar in form to 
those obtained with diethyl ether as extractant 

It is interesting to note that the distribution ratio 

D = Concentration of metal in the organic phase (mole/l.) 

Concentration of metal in the aqueous phase (mole/l.) 

for gold(II1) decreases with diminishing content of the metal, as shown in Table III. 
Various theories have been advanced to account for this kind of behaviour. A 
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discussion of these is provided in the review by Diamond and Tuckla on the extraction 
of inorganic compounds. 

Acknowledgements-The authors are indebted to International Nickel Limited for generous support of 
the investigation. Appreciation is extended to Mr. J. H. Bond for his collaboration with the spectro- 
graphic analyses. One of the authors (M. A. K.) gratefully acknowledges the grant of leave fromThe 
Panjab University, Lahore, West Pakistan. 

Zusammenfassmg-Es wird ein Verfahren zur Abtrennung von Gold 
aus Edelmetallkonzentraten beschrieben. das auf der Extraktion mit 
“Dibutylcarbitol” beruht. Spektrographische Analysen zeigen, 
dab das gewormene Metal1 sehr rein ist. Tests ergaben, daB die 
Ausbeute des Elements praktisch quantitativ ist. Es erscheint moglich, 
d& der Embau des in grbBeren Ma&tab tibersetzten Verfahrens in 
einen industriellen Prozd bei der Rathnation von Edelmetallen 
Vorteile bringen konnte. 

R6smn&-On d&it une technique pour la separation de l’or de con- 
centrats de metaux p&ieux, ba& sur son extraction par le “dibutyl 
carbitol”. Les analyses spectrographiques montrent que le m&al 
resultant est de haute purete et des essais ont montre que la r&cup&a- 
tion de l’element est essentiellement quantitative. I1 apparalt que des 
avantages pourraient decouler de l’incorporation d’une version a 
plus grande echelle de la technique a un pro&de industriel de raflinage 
des metaux precieux. 
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SHORT COMMUNICATIONS 

The uranium content of sea-water 

(Received 7 February 1968. Accepted 18 March 1968) 

THE uranium content of sea-water is of considerable scientific interest to oceanographers. It also 
has a potential economic interest since all major industrial countries are rapidly becoming committed 
to nuclear fission as the source of future supplies of electric power and will, if the trend continues, 
ultimately become wholly dependent on uranium as the nuclear fuel. It is possible that some of the 
demand could be supplied by thorium but so far no commercial power stations have been built 
which use thorium-based fuel. The present generation of nuclear power stations requires relatively 
low-cost uranium (~$10 per lb of &OS) if it is to remain economically competitive, because not 
more than 3 % of the uranium can be consumed. It is confidently expected, however, that before 
very long these stations will be succeeded by so-called fast breeder reactors which should utilize 
60-70x of the uranium. In this case, the cost of the uranium becomes only a small fraction of the 
total generating cost and a much higher price could be paid before it materially affected the cost of 
power. At the present time uranium is produced from low-grade ores containing between 0.05 and 
@5% I&O*. Known reserves are limited but it it expected that prospecting will establish further 
reserves. If new discoveries do not keep pace with demand, still lower-grade ores will have to be 
worked and the price of uranium will rise substantially. The possibility of extracting uranium from 
sea-water was first considered at Harwell about 1952l when complexing agents, such as dibutyl 
phosphate, with a high specificity for uranium became available. This reagent had been used analyti- 
cally at the Windscale Laboratories for the determination of the uranium content of a sample of 
Irish Sea water taken off the Cumberland coast. * Earlier determinations had shown considerable 
variation in uranium content of samples from different places and from different depths. 
and Karlik’ had applied the fluorimetric method to samples taken in Swedish waters. 

Hemegger 
Values as low 

as 0.36 ,cg/l. had been obtained for surface water and 0.98-I.00 rg/l. for water sampled at depths 
between 60 and 500 m. In a subsequent paper,4 values between 2.0 and 2.2 pg/l. were quoted for 
sample from coastal and ocean waters. A n&&er of other workers 
a similar range but Nakanishi’ had found as much as 3.37 &l. 

6,6 had also rep&ted results lying in 
in a samnle taken from the Kuroshio 

current off t& coast of Japan. He estimated the average fo:deep ocean water to be 2.82 ccgll. 
In the 6rst experiments at Harwell,* continuous counter-current extraction with two rotary columns 

operating on a total reflux basis was used to separate uranium from 20 1. of sea-water from Weymouth 
Bay. Sea-water entered the top of column A where it was mixed with a counter-current flow of 
dibutyl phosphate @BP) in kerosene or Butex. The organic phase overflowed through a side-tube 
at the top of column A and entered the bottom of column B where both the uranium and the DBP 
were stripped from the kerosene by a counter-current flow of 0*32N sodium carbonate. This aqueous 
extract was then added to the sea-water feed to column A together with a slight excess of nitric acid. 
Thus the uranium and the DBP were retained in the system until extraction was complete. The uran- 
ium content of the final concentrate was determined by fluorimetric analysis. In two runs, each using 
20 1. of sea-water, 60 pg were obtained in one case and 50 pg in the other, corresponding to 3 and 
2.5 pg of uranium per litre. 
ccg/l. 

Batch determinations on the same sea-water gave a value of 3.0 f 0.5 

Concentration of the uranium by extraction with DBP was also used by Stewart and Bentley0 
but the final determination was by fission-counting after the sample had been irradiated in the Argonne 
Laboratory heavy water reactor. The mean of ten determinations on two samples taken from Pacific 
coast surf was 2.49 ,@l. The evidence in favour of a rather higher value was strengthened by the 
publication in 1956 of a very careful study by Rona, Gilpatrick and JeffreylO at Oak Ridge National 
Laboratory. Samples were collected from the North Atlantic, North Pacific, Gulf of Mexico and the 
Florida Straits and were stored and shipped in polythene carboys. The uranium analyses were carried 
out in laboratories reserved for sea-water experiments, where special precautions were taken against 
contamination. By using the isotopic dilution mass spectrometric technique of analysis, any error due 

1307 



1308 Short communications 

to loss of uranium in the concentration process was eliminated. A standard “spike” of sasU was 
added to the sea-water sample before extraction with diethyl hydrogen phosphate in carbon tetra- 
chloride. Quantitativeextraction was not essential since results depended onan accurate mass spectro- 
metric dete~nation of the isotopic ratio. Nevertheless the yield at each step of the chemical process 
was first checked by a tracer experiment with *%. Blank determinations were also performed with 
pure water to which the standard spike was added in order to check contamination by uranium from 
reagents or glassware. Highest values were obtained for surface waters from the Gulf of Mexico 
(3.43-357 @I.) and lowest values for Gulf of Mexico sam 
2000 m (3.10-3.32 pg/l.) Samples from the surface waters o P 

les taken from depths between 600 and 
the Atlantic and the Pacific gave results 

lying between these two extremes, the overall average being 3.31 @g/l. 
The evidence for a fairly constant value in the neighbourhood of 3 ,ugll. now seemed strong but 

the fact that different methods had given different results led Smales and his collaborators Wilson, 
Webster, Milner and Barnett” to make a comparison of three different methods. These were the 
isotope dilution method, the fluorimetric method and a new polarographic method.‘* 
were determined by tracer experiments with 

Chemical yields 
YJ for the isotope dilution method and z*7U for the 

fluorimetric and polarographic methods although these experiments were of secondary importance in 
the case of isotope dilution, where it was only necessary to check that the conditions for the blanks 
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determinations of chemical yield were not carried out. 

Blank experiments were made but tracer 
Moreover, the sea-water samples, which were 

collected in glass bottles, were not acidified, so losses may have occurred in some cases owing to 
adsorption (see G. Koczy*). The variations noted by Miyake and Sugimura must therefore be regarded 
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Smnmarjr-A review of the literature on the uranium content of sea- 
water. 

Zusammenfassung-Es wird eine tiersicht ilber die Literatur zum 
Urangehalt von Meerwasser gegeben. 

R&um&Une revue de la littbature sur la teneur en uranium de 
l’eau de mer. 
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Stability constants of manganese(II) bromide complexes 

(Received 1 February 1968. Accepted 20 February 1968) 

PROCJDURES using radiotracers are frequently of great value in the investigation of complex formation 
and the determination of stability constants. Such methods may often be used in cases where 
spectrophotometric and potentiometric studies will not yield unequivocal results. The measurement 
of the activity of a radioactive tracer is usually straightforward, and if a carrier-free radionuclide 
is available, studies can be made without correction for the amount of complexing l&and bound to 
the ion under investigation. Moreover, with the low concentrations of the element that can be 
detected, the possibility of polynuclear complex formation is greatly reduced. 

In the present investigation, carrier-free 64Mn was used, together with a cation-exchange resin, 
to determine stability constants of manganese@) bromide complexes. The resin, Amberlite IR-120, 
was used in the H+-form and the ionic strength of the solutions was maintained at @691M with 
perchloric acid. The equilibrium distribution of radiomanganese between the ion-exchanger and the 
solutions at 20” has been determined by y-ray scintillation counting. The conditions used were 
essentially similar to those used in a study of manganese(U) chloride complexes,1 and the results 
obtained for the two systems should be directly comparable. 

The radionuclide 54Mn has a half-life of 314 days. It decays by electron-capture (100%) to 6dCr 
and the disintegrations involve the emission of 0*84-MeV y-rays (100%). 

Calculation of stability constants from cation-exchange data 

C’ 
The following notation is used:* 
X,,, C’,, = total concentrations (mole/l.) of manganese and bromide in solutions before addition 

of the ion-exchange resin 
C X,,, C,, = corresponding total concentrations in the solution after equilibrium with the resin 

[M] = equilibrium concentration of a species in aqueous solution 
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[M]x = equilibrium concentration of a species in the resin phase (mole/g of dry resin) 

@, = wnBry-‘t+] 

[Mn*+][Br-l4 ’ 
the stability constant of the complex MII&+~~-‘)+ 

a 
f 

= [MnBr~-4’+l& 

Y = initial volume of the solution 
m = weight of dry resin used 
6 = swelling factor of the ion exchanger 

X = 1 + i j341?3r-l ; X, = (X1_, - BdPr-I; 6% = X; PO = 1). 
i=l 

For the determination of the stability constants PI, the functions & and f, due to Fronaeus, were 
used. For further details see references 1-3. 

(1) 

= B&4 - k? - f% + [Br-1(X,(& - n,l) - X,1 
(1 -!- &‘I%-1) (3) 

f” = lim f = /?x+lo - 8% 
ET-I-0 

(4) 

(5) 

A#, = #I - A” (6) 
Af=f-f (7) 

The stability constants can be determined from the relationship 

Af - = B* . $] - I% - i%IBr-1 
B-1 

and equations (4) and (5). 

EXPERIMENTAL 

The ex~rirn~t~ method was similar to that used by Morris and Short1 for the deter~nation of 
stability constants of manganese(I1) chloride complexes. 

The manganese concentrations of the resin phases (C&)x and of the aqueous phases C,, at 
equilibrium were determined from measurements of the count rates of aliquots of solution before 
addition of ion-exchanger and after equilibrium had been obtained. A NaI(T1) scintillation counter 
was used for the m~su~ments of activity. 

RESULTS AND DISCUSSION 

The results for the effect of hydrobromic acid concentration on the distribution ratio of radio- 
manganese, and the functions used in evaluating stability and other constants, are given in Table I. 
The rna~~d~ & and f were plotted us. IBr-I and extrapolated to [Br-1 = 0 to give &” andf”. 
The stability constant ,!$ could be evaluated from the slope of the plot of Afl[Br-] against A&/[Br-] 
shown in Fig. 1. The fact that the graph is a straight line passing through the origin indicates that 
under the conditions of the experiment both Bs and & are essentially equal to zero. The value of /& 
was obtained from equations (4) and (5). 
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TABLE I.-EPPECT OF THB HyDROBROhiIC ACID CONCENTRATfON ON THE CATION-EXCHANGE 
DISTRIBUTION 

ry ’ &; 

0 0.1527 
0.03599 0.1502 
O-07198 0.1477 
O-1080 0.1451 
0.1440 01426 
0.1800 01400 
0.2159 0.1375 
0.2520 0.1350 
0.2879 0.1326 
0.3229 0.1303 
0.3600 0.1279 
0.3959 0.1256 
0.4319 0.1234 
0.5039 0.1191 
0.5758 0.1150 

4 1, f, &,/lBr-I. 
(mole/I.)-r (nwle/I.)-p (mole/l.)-g 

Afl[Br-I, 
(mole/l.)-8 

(04495) (-0.1746) - - 
0.4625 -0.1502 0.3612 0.6782 
0.4742 -0.1295 0.3432 0.6366 
0.4850 -0.1080 0.3287 0.6267 
0.4944 -0.08988 0.3118 0.5882 
0.5040 -0*07410 0.3028 0.5583 
0.5120 -0.05952 0.2895 0.5331 
0.5193 -004420 0.2770 0.5175 
0.5265 -0.03081 0.2675 0.4995 
0.5332 -0.01965 0.2592 0.4800 
0.5400 -0.008465 0.2514 0.4614 
0.5450 0.003808 0.2412 0.4506 
0.5497 0.01500 0.2320 0.4390 
0.5599 O-03261 0.2191 0.4112 
0.5693 0.04778 O-2081 0.3862 

06 

TO4 
b 

Y 
a 

03 

02 

FIG. I.-Evaluation of stability constants for the manganese(I1) bromide system. 

Final values obtained for the overall stability constants /$ and the step constants K, = ,Y,/,9,_1 
at 20” and an ionic strength of 0*691M (HBr and HClO,) are: fil = 1.85 5 @l ; BP = 1.01 4 0.2; 
& = 1.85; K2 = 0.55. 

In the case of manganese(II) it appears that the bromide complexes are weaker than the corm- 
sponding chloride complexes; this corresponds to (a)-behaviour in Ahrland’s classification.%6 

Department of Chemistry 
Brunei University 
London, W.3, U.K. 

J. R. FRYER* 
D. F. C. Moams 

* Present address: Department of Chemistry, The University, Glasgow, W.2. 
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Summary-Manganese-54 has been used as a tracer in an investigation 
of solutions containing manganese(II) bromide complexes. By a 
cationexchange method values have been obtained for the stability con- 
stants p, = [MnBr~-f’+]/[MnP+][Br-]f, valid for 20” and ionic strength 
0.691M maintained with perchloric acid. 

Zusammenfassung-Mangan-54 wurde bei einer Untersuchung von 
Liisungen, die Mangan (IQBromidkomplexe enthielten, als Tracer 
verwendet. Mit einer Kationenaustauschmethode wurden Werte der 
StabilitBtskonstanten p, = [MnBr, I*-“+]/[Mn*+] pr-1’ ermittelt, die 
fur 20” und eine mit Uberchlorsiiure eingestellte Ionenstlrke 0,691 
gelten. 

RbumB-On a utilise le manganese-54 comme traceur dans une 
recherche sur des solutions contenant des complexes du bromure de 
manganese (II). Par une methode d’echange cationique, on a obtenu 
des valeurs pour les constantes de stabilite /3’ = [MnBry-j)+]/[Mn*+] 
[Br-]j, valable pour 20” et une force ionique 0,691M maintenue par 
l’acide perchlorique. 
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Spectrophotometric determination of platinum in 
catalysts 

(Received 28 November 1967. Accepted 13 February 1968) 

A METHOD was required in our laboratories for the determination of small amounts of platinum in a 
variety of experimental catalysts which contained no other platinum metals, but large amounts of 
other metals. In most cases only a limited amount of sample was available. 

A mod&cation of the tin(I1) chloride calorimetric method was made and shown to meet the 
requirements. Various workers1-B have investigated this method, and while most conclude that 
relatively high acidities are preferable, there is no general agreement on the best conditions. Ex- 
traction of the platinum-tin(H) complex makes the method more selective, and a number of solvents 
have been proposed1*6*‘-D but it is necessary to use additional reagents or operations to improve the 
phase separation or the stability of the extracted colour. We have reexamined the system and have 
found that isoamyl alcohol is a better solvent than any hitherto proposed. 

EXPERIMENTAL 

Reagents 
All reagents were of the highest purity available and distilled or demineralized water was used 

throughout. Standard platinum solutions were made by dissolving assayed chloroplatinic acid (or 
that obtained from pure platinum) in O.lM hydrochloric acid to give a platinum concentration of 
1 mg/ml, and diluting this solution lo- and lOO-fold with O*lM hydrochloric acid. Tin(H) chloride 
solution was freshly prepared as required, by dissolving 23 g of the dibydrate in 25 ml of cont. 
hydrochloric acid, with gentle warming if necessary, cooling, and diluting to 100 ml. 

Procedure 
Dissolve a suitable weight of sample @O-mesh), preferably containing 0.25-15 mg of platinum, in 

aqua regia in a 150-ml tall-form beaker. Evaporate the solution just to dryness on a steam-bath, 
moisten the residue with cont. hydrochloric acid and evaporate again. Repeat this step then add 
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20 ml of hydrochloric acid (1 + 1) and warm to dissolve soluble salts (Note 1). Cool, and add 
20 ml of the tin(H) chloride reagent (Note 2). Transfer to a lOO-ml volumetric flask, dilute to the 
mark, and mix well. Let stand for 10 min and then either measure the absorbance at 403 m,u in a 
l-cm cell against a reagent blank or transfer 5@0 ml of the solution to a 250 ml separating funnel, 
extract for 1 mm with exactly 5@0 ml (for O-l mg of Pt) or 10.0 ml (for O-O.125 mg) of isoamyl 
alcohol, let stand for 1 min, run off and discard the lower (aqueous) layer, filter through a small dry 
Whatman No. 541 paper into a l-cm cell, and measure the absorbance at 399 nyc against a reagent 
blank. Prepare appropriate calibration curves in the usual way. 

Notes. 1. Insoluble matter such as silica is best filtered off before addition of the tin(H) reagent. 
2. If any iron present is in the reduced state it is not necessary to use solvent extraction to eliminate 
its interference, but to hasten its reduction it is advisable to warm the solution to about 60” for a few 
minutes after addition of the tin(H). 

RESULTS AND DISCUSSION 

In aqueous medium the complex has an absorption spectrum with a broad peak at 403 m,u. The 
colour is stable for at least 24 hr. The tin(H) concentration can be varied from 0.04 to 0*25M in the 
final solution, and the linal hydrochloric acid concentration from 1.1 to 3*3M, without influencing the 
colour, but if the hydrochloric acid is less than l.lM, some tin may be precipitated. Beer’s law is 
obeyed at 403 m,u over the range O-2 mg of platinum in 100 ml of final solution. 

Investigation of the effect of other metals known to be present in the catalysts showed that in the 
determination of 1 mg of platinum the following metals caused no interference when present at the 
levels indicated (mg): Cu (lOO), Fe (lOOO), Mn (RX), Zn (lOO), Na (2000), K (75), Cu + Zn (50 + 
50); NH,+ (1500) also did not interfere; Cu (500) and Fe (1000) did not interfere when 2 mg of 
platinum were determined. Of the metals examined, only Cr, Ni and MO interfered. The effect of 
molybdenum was of interest and was studied more closely. 
gave a brown solution with &,,,,, 390 rnp. 

Under the test conditions molybdenum 
The absorbance at 403 w followed Beer’s law and 33 mg 

of molybdenum gave the same absorbance as @5 mg of platinum. A correction may be applied if the 
molvbdenum content is known. or datinum can be extracted and determined and the molvbdenum 
obtsned by difference. 

_ I 1 

The absorption spectrum of the extracted platinum complex is very similar to that of the complex 
in aaueous solution, the maximum beme shifted sliehtlv to 399 mrc. The colour of the extract is 
stab& for at least 24 hr. Phase separati& is clean &rd”complete &thin 1 min, with no emulsion 
formation, and a single extraction with equal volumes of the two phases removes >99% of the 

TABLE I.-ELIMINATION OF I ~~NCEFROMOTHERMETALSBYSOLVENTEXTRACIlON 
TECHNIQUE l0RDBTBRMINATIONOPPLATINUM 

Metal 

Present in 100 ml 
aqueous solution, mg 

Metal Pt 

Absorbance, l-cm 

aqueous, isoamyl alcohol, 
403 rnp 399 rnp 

Pt 
recovered 
in organic 
phase, mg 

- 
- 

MO 
MO 
MO 
MO 
Cr 
Cr 
Ni 
Ni 
MO 
Cr 
Fe 
- 
MO 
MO 
Cr 
Fe 

- 
- 

66 
66 

330 
330 
40 
80 

100 
500 

66 
100 
100 
- 

66 
330 
500 

1000 

Nil 
1.00 
Nil 
1.00 
Nil 

::; 

1.00 
1.00 
1.00 

I-00 

2.00 

;:; 

2.00 >2*0 
2.00 0.810 

Nil 
0.410 
0409 
0.815 

B2.0 
>2*0 

0.505 
0605 
0.499 
0.795 

130 

0.815 
1.25 

>2*0 

Nil 
@398 
0.004 
0400 
0.004 
0406 
0.398 
0.398 
0.398 
0.395 

0.400 

0.780 
0.781 
0.780 
0.775 
0.780 

- 
- 

0.01 
1.00 
0.01 
1.02 
1.00 
1.00 
1.00 
0.99 

1.00 

- 

f:S 
1.99 
2.00 
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platinum. Equilibrium is reached with 1 min of shaking. Beer’s law is obeyed by the extract, but the 
sensitivity depends on the ratio of the phase volumes, a considerable improvement in sensitivity 
being obtained by extracting into a smaller volume. The solvent extraction procedure eliminates the 
interference of nickel, chromium and molybdenum and there is no interference from the other 
elements tested (see Table I). 
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Summary-Conditions have been established and procedures are 
described for thecolorimetric determination of platinum in experimental 
catalysts and miscellaneous materials. The methods are based on the 
measurement of the intensity of colour produced by the reaction of 
chloroplatinic acid with tin(H) chloride. Interference from metals such 
as chromium, molybdenum and nickel, which are often also present in 
catalysts, is overcome by selective extraction of the complex into 
isoamyl alcohol followed by measurement of the absorbance of the 
alcohol layer. 

Zusammenfassnng-Die Arbeitsbedingungen zur kolorimetrischen 
Bestimmung von Platin in Versuchskatalysatoren und verschiedenen 
Materialien wurden ermittelt turd Arbeitsvorschriften mitgeteilt. 
Die Vorschriften beruhen auf Messung der Intensitiit der F&bung, die 
sich bei der Reaktion von Chloroplatinsiiure mit Zinn(II) chlorid 
entwickelt. Storungen durch Metalle wie Chrom, Molybdan undNicke1, 
die ebenfalls oft in Katalysatoren vorkommen, werden beseitigt, 
indem man den Komplex selektiv in Isoamylalkohol extrahiert und 
dann die Extinktion der Alkoholschicht mil3t. 

RBsnm&-Gn a etabli les conditions et Ton d&it des techniques pour 
le dosage colorimetrique du platine dans des catalyseurs exp&imentaux 
et divers produits. Les methodes sont basQs sur la mesure de l’in- 
tensite de coloration produite par la reaction de l’acidechloroplatinique 
avec le chlorure stanneux. L’interference de metaux tels que le chrome, 
le molybdene et le nickel, qui sont souvent egalement presents dam les 
catalyseurs, est &it&e par l’extraction selective du complexe en alcool 
isoamylique suivie de la mesure de l’absorption de la couche alcoolique. 
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Summary-A review of methods proposed for the analysts of antt- 
oxidants m polymeric materials, cast m the form of a step-by-step 
exammatron of the problems mvolved m any scheme of analysis, wrth 
a cntical appraisal of the published procedures designed to overcome 
them. 

THE range of applications for polymeric materials is still increasing at an enormous 
rate, and as it does so, the number of additives avarlable to modify polymer properties 
increases proportionately. Inevitably, the problems associated with polymer analysis 
for minor components have become correspondmgly complex, whilst the need for 
such analysis is more urgent than ever, particularly in connection with medical 
plastics and food packaging where the identities and levels of potentially toxic sub- 
stances must be accurately known and controlled+ 

The development of an analytical scheme comprehensive enough to cover all 
types of polymer additive would be an extremely lengthy undertaking (even rf it 
should prove possible) but a scheme sufficient to identify and determine most currently 
available antioxidants should be attainable, and this review is designed to provide 
the necessary background on which to base it. 

In order to appreciate fully the techniques which have been developed for the 
analysis of antioxidants in polymers, it is necessary to be familiar with the difficulties 
involved in such an undertaking, and also with the chemical properties of antioxidants 
themselves. 

Most of the analytical problems arise from three factors; the situation of the 
antioxidant m a more or less insoluble polymer matrix, the high reactivity and low 
stability of antioxidants, and the low concentrations of antioxidants present 
(O*Ol-1.0%). The first severely limits the analytical techniques which can be applied 
to the sample without prior separation of the antioxidant from polymer, a procedure 
which is itself hindered by the nature of the polymer matrix. In addition, any extract 
is liable to contamination by low molecular weight polymer “wax” which may 
interfere with subsequent treatment and is difficult to remove. 

The second and third factors combine to make the handling of extracts an exacting 
job if quantitative information is required. Antioxidants are labile unstable compounds 
forming complex decomposition products; this considerably complicates interpreta- 
tion of analytical data, and any loss of material is liable to be significant since the 
quantities of antioxidants present are initially so low. Crompton,l for example, 

* For reprmts of this Revrew see advertisement in this issue. 
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recommends that extracts should be kept in smoked glassware and used for subsequent 
analysis without delay. If any storage of solutions is necessary, this should be done 
under nitrogen, in the dark and m a refrigerator. Lorenz et al2 have published data 
on sample changes during processing of antioxidant extracts, mcludmg losses during 
concentration by evaporation. Generally, however, this aspect of antioxidant 
analysis does not seem to have received the consideration it deserves. 

Apart from these factors which complicate the processmg of the sample, there 
are others which complicate the interpretation of the data obtained, the principal 
ones being the wide range of antioxidants available, which makes positive identlfica- 
tion difficult, the presence of other types of additive (plasticizers, UV-stabilizers, 
slip-agents and the like) and possibly the presence of more than one antioxidant with 
its associated decomposition products, dependmg on the age of the sample (irrespective 
of decomposition caused by analytical processing). 

It should also be noted, however, that there are at least two factors which operate 
on behalf of the analyst, namely the limited number of molecular types which may 
be used as antioxidants, and the chemical reactivity of these types. 

THE FUNCTION AND NATURE OF ANTIOXIDANTS 

It is generally accepted that autoxidation of polymeric materials proceeds via a 
free radical mechanism involving molecular oxygen.3*4 One of the paths of autoxida- 
tion might be represented thus : 

rR0~~R~ZiZi.i~ + 7 

where R- represents a free radical formed by the decomposition of the polymeric 
species RH. The inhibitory action of antioxidants depends on their ability to inter- 
rupt this chain process by forming a non-propagating free radical thus: 

R* + 0 ,----tRO, 

RO, +AH- ROOH + A. 

1 
stable products 

All currently used inhibitor molecules AH have the followmg properties. 

(a) A labile hydrogen atom, (in fact, antioxidant activity is directly related to the 
A-H bond dissociation energys). 

(b) The A-H bond is not a -C-H bond, or any other type which will allow 
molecular oxygen to add onto it. 

(c) The free radical A* decomposes to stable products. 

Two types of molecular species fit these requirements well: aromatic amines and 
hindered phenols. In the case of the latter, for example, the free radical formed by 
the process : 

O-OH- Q-O- 
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is not likely to undergo the next step in the autoxrdatlon process. The same considera- 
tions apply to aromatrc ammes. In order to mcrease the lability of the active proton, 
electron-repelling substituents are often Introduced into suitable places in the aromatic 
ring6-s 

The types of molecule which exhibit antioxidant activity are therefore limited 
mainly (but by no means exclusively) to hindered phenols and aromatic ammes. 
This fact is of importance to the analyst since it IS one of the few factors which operates 
in hrs favour. However, the complex and vanable fate of the radical A* is the source 
of consrderable difficulty, since the products formed may fall to be identified.9*10*11 
The sample may therefore be contaminated with unknown amounts of unknown 
decomposition products, even though the antioxidant may have been separated 
from the polymer matrix and its associated free radrca1s.l 

Analyszs in situ 
THE ANALYTICAL SCHEME 

The difhculties involved in extraction of additives have resulted in a search for 
analytical techniques not involving prior separation of antioxidant from polymer. 
Of all those tried, only techniques based on spectroscopy can claim any degree of 
success. Ultraviolet examination of thin, hot-pressed polymer films has been tried 
by Luongo. l2 Using a double-beam spectrophotometer wrth air in the reference 
beam, he was able to estimate antroxidant levels ranging from 0402 to 1.0% in 
polythene. d However, such a procedure is hmited by two factors: the polymer 
must exhibit a relatively flat absorption curve in the wavelength range used, and many 
antloxrdants exhibit similar, if not identical ultraviolet spectra. 

Miller and WilliP obtained infrared spectra of antioxidants from polymer flms 
in a similar way, except that they compensated with additive-free polymer in the 
reference beam. Infrared IS more specific than ultraviolet analysis, but some workers14 
find that the antioxidant level is too low to give suitable spectra. Drushel and Sommers 
find that they can combine specificity with sensitivity by using spectrofluorometric 
and phosphorescence techniques. r5 Again, they use a double-beam spectrophoto- 
meter, this time with a wedge of additive-free polymer in the reference beam. They 
admit, however, that the method is only applicable if the inhibitor has distinct, 
sharp bands, and no other components exhibit intense absorption in the same region. 

“In situ” spectroscopic techniques are not likely to be of value, then, in the 
analysis of samples of unknown composition. If known amounts of antioxidant 
can be incorporated into additrve-free polymer, however, these techniques are 
likely to be extremely useful m the study of extraction procedures, and the study 
of aging processes (including the effects of stenlizing radiatron) since the rate of 
disappearance or of decay can be monitored directly by the decrease in absorbance 
of the sample at a suitable wavelength. Luongo, and Drushel and Sommers, have 
developed methods for puttmg known amounts of antioxidants into polymers. The 
former12 prepares a master batch by rolling a known amount of additive into his 
polymer and obtains standards by further milling uninhibited polymer with known 
amounts of master batch. He then hot-moulds his samples into films approximately 
0.25 mm thick, either in a standard laboratory metallographic mounting press, or 
in a larger press between water-cooled, polished alumimum plattens. Drushel and 
Sommers15 prepared their standards by adding the inhibitor in hexane solution to 
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the polymer, evaporating the resulting slurry to dryness and hot-pressing between 
alumimum foil. In both cases, the films are mounted in frames before spectroscopic 
examination. 

Analysis after separation 

Separation of additives from polymer. In view of the limitations of “in situ” 
analysis, it seems inevitable that a preliminary separation of the antioxidant from 
the polymer will m most cases be necessary. Most of the many such separations 
which have been reported are concerned with solid/liquid extraction, since the 
insoluble nature of the polymer matrix precludes the possibility of using the more 
efficient liquid/liquid extraction. Much of the relevant information is summarized 
in Table I. 

TABLE I.-PUBLISHED METHODS OF ANTIOXIDANT EXTRACIXON 

Polymer type Substances extracted Extracting solvent Comments Refs. 

Polythene 

Polythene 

Polythene 

Cresols Chloroform 
Phenohc a&oxidants 

Cresols Hexane 

Antioxldants Ether 

Polythene Phenohc antioxidants Chloroform 

Polythene Antloxldants Toluene 

Polythene 

Polythene 

Antioxidants Water 

Polyolefins 

PVC. 

P V.C. 

Rubbers 

Phenohc antioxidants Compares carbon 
dlsulphlde with 
isooctane 

2,6-Dl-t-butyl-p- Cyclohexane 
cresol. 

Dlphenyl thlourea Methanol or ether 
2-Phenyhndole 
dlcyandlamlde 

Stabilizers Ether 
Lubricants 
Plasticizers 

Amme and Phenohc Ethanol/HCl 
Antloxldants 

Rubbers 

Rubbers 

Phenyl sahcylate Ether 
Resorcinol benzoate 
Antioxidants Acetone 

Rubbers 

General 

Ketone-amine con- Acetone 
densates 

Phenols 
2-Mercaptobenz- 

lmidazole 
p-Phenylenediamine 95 % Methanol or 

Heat at 50” for 3 hr 
m closed contamer 

Heat at 50” 

For 24 hr in the 
dark at room 
temperature 

Reflux to dissolve 
polymer and ppte 
with methanol 

At IO” under 
mtrogen 

See text 

Reflux for 30 min 

Reflux, then steam- 
dlstll ammes from 
extract 

For 16hrman 
extraction cup 

16 

17 

18 

19 

20 
21,22 
23 

24 

25 

26 

27 

28 

29 

30 

31 
32 
33 

34 
derivatives ethanol 
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One of the most drfficult types of polymer to deal wrth, because of its insolubihty, 
is the polyolefin variety. The British Standard method is favoured by some workers 
and involves dissolution of the polymer in boiling toluene under reflux followed by 
precipitation of th e ig molecular werght fraction with ethano1.22*2s The filtrate h h 
then contains the additives plus an amount of low molecular weight polymer “wax” 
which usually requires painstaking removal. l*l’ S P ell and Eddy, however, consider 
this procedure too time-consuming. 25 They have studied the extraction of the antioxi- 
dants Ionol (2,6-di-t-butyl-p-cresol) and Santanox [4,4’-thio-bis(6-t-butyl-m-cresol)] 
from polythene, and find that the required extraction time at room temperature 
varies linearly with polymer density and particle size, and the nature of the solvent. 
They conclude that if the polythene is powdered to 50-mesh, three hours’ shaking 
in a wrist-action shaker is sufficient to recover 98 ‘A of either additive from polymer 
of any density. In support of these Cndmgs, some correlation has been found between 
the density of polythene and its permeabihty to solvents.35*36 Other extraction 
apparatus described Includes Soxhlet and related extractors,1*34 tightly capped bottles 
m which sample and solvent are heated under pressure,15 Wiley extractors,26 and 
flasks in which the sample is merely steeped in solvent.l* In order to increase the 
efficiency of extraction, surfactants and ultrasonic devices have been used.37 Attempts 
to increase the polymer surface-area/weight-ratio before extraction have Included 
the use of ball mills and Wiley cutting mills,1e~u~2s microtomes3s and grindmg with 
solid carbon dioxide.27 

The Russian workers Yushkevichyute and Shlyapnikov describe an apparatus 
for the sublimation-distillation (in uacuo) of several antioxidants from polythene.39 
Using sublimatron temperatures of 61-100” they were able to achieve satisfactory 
separation from polymers with molecular weights up to 50000. In a later publication24 
they report the extractive separation of certain antioxidants from polythenes with 
distilled water at 75” under nitrogen. 

It must be concluded that apart from the work of Spell and Eddy, no thorough 
systematic investigation mto the problems of quantitative extraction has been re- 
ported. No real attempts to minimize the decomposition and loss of sample during 
extraction seem to have been made, although such losses have been reported.2*19 
On the contrary, it seems probable that many of the recommended procedures 
involving prolonged heating would considerably speed up the rate of decomposition 
and oxidation unless stringent precautions are taken by use, for example, of inert-gas 
atmospheres. The technique of isotope dilution, which would avoid having to 
extract the inhibitor completely for quantitative analysis, has not been mentioned. 

Separation of additives from each other. The separation of additives from each 
other after extraction from the polymer is necessitated by the lack of sufficiently 
specific methods for the identification of mdivldual antioxidants in the presence of 
other components. In order to keep the analytical scheme as simple as possible, it 
would be desirable to eliminate this stage, but although one or two spot tests are 
described,3”42 these are based on the formation of coloured products with various 
reagents, and are not specific enough to deal with the enormous number of antroxl- 
dants now commercially available. Most separatory techniques, however, also 
provide a clue to the identity of the components, and in a good scheme of analysis, 
the separatory process forms an important part of the actual identification procedure. 

(a) Liquid/liquid extraction. Of all the well-known separator-y techniques reported, 
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liquid/liquid extraction seems to be the least frequently employed, although Brock 
and Louthz9 have devised an analytical scheme based almost entirely on it. Apart 
from this, it has been used mainly to separate antioxidants from soaps and inorganic 
stabllizers2sr@ and low molecular weight polymer fractions.1 

(b) Column chromatography. Although column chromatography is probably the 
most exacting chromatographic technique to perform, it has the advantage of bemg 
able to deal with relatively large samples (50-5000 mg). Furthermore, the use of 
fraction collectors and automatic effluent-monitormg devices can make the method 
considerably easier to use. FiorenzaU separates antioxidants and plasticizers in 
rubber extracts by use of a neutral alumina column. He monitors the effluent with 
an LKB 254~nm ultraviolet-detector after eluting fractions successively with carbon 
tetrachloride, carbon tetrachlonde/benzene mixture, benzene, benzene/ethanol 
mixture, and finally ethanol. Each separated component is identified by ultraviolet 
or infrared spectroscopy. 

Cromptonl recommends the use of a silica gel column on which the components 
of the polymer extract can be separated by use of a similar succession of increasingly 
polar eluents. He monitors the effluent with a JOEL JLC 2A recording chromato- 
graph, which operates by measuring the thermal changes caused by components 
moving along the column. He points out that thin-layer chromatography can often 
be used as a short-cut to finding suitable adsorbents and mobile phases for column 
chromatography, since conditions experimentally found suitable for the former can 
usually be transferred without modification to the latter. 

A synthetic rubber adsorbent is used by Berger et a1.45 to separate antioxidants. 
The stationary phase (Silastic 181) is applied to the column as a suspension in light 
petroleum and separation is carried out with a mobile phase of 21% v/v acetone in 
water. Cambell and Wise used an alumina column to separate phenolic antioxidants 
with chloroform followed by 10% v/v water in ethanol.16 They used a Gilston 
Medical Electronics ultraviolet-scanner coupled to a recorder, to monitor the effluent 
stream. 

An early separatory analytical scheme based on column chromatography was 
reported by Parker,46 m which ahquots of the sample solution were chromatographed 
on seven alumma columns, each with a different mobile phase. From the position 
of the components on the various columns after a suitable elution time and from the 
colours obtained with specific detecting agents, he claimed to be able to obtain almost 
unambiguous identification of the antioxidants. Such a scheme would now be 
considered too wasteful and time-consummg to warrant consideration, but it paves 
the way for similar but more sophisticated techniques which follow. 

(c) Paper chromatography. The advantages of paper over column chromatog- 
raphy are three-fold. It is simpler to use, smaller sample sizes can be used, and the 
RF values are more reproducible, the last of these being particularly important 
since it permits identification of the separated components 

Table II lists the more important paper chromatographic contributions in the 
literature. 

Since most antioxidants are highly polar, they cannot be efficiently separated on 
normal paper except with the use of highly polar mobile phases. Consequently 
reversed-phase chromatography49*60zU*56 or acetylated papers31*56.59-61 are frequently 
employed to reduce the effect of “tailing” The detecting reagents used are either 
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drazotized amines53*s5 which form coloured products with amines and phenols, or 
are oxidizmg agents, smce the oxidation products of antioxidants are generally 
highly coloured. 51*5s-61 Sometimes the sample solution is treated with the colouring 
reagent first, and the coloured products are chromatographed31*52*s7 but multiple 
spots can be obtained from a single antioxidant treated m this way.62 

A major contribution to paper chromatographic methods is the work of Zijp, 
who devised a comprehensive scheme for the systematic identification of antioxidants 
and accelerators.ss-61 In the part of his scheme which relates to antioxidants, Zilp 
used acetylated paper and two solvent systems, one for basic and one for phenohc 
constituents. Identification was based mainly on the RF value of each constituent 
and the colours produced by various spray reagents. Auler, in his very full survey 
on the analysis of antioxidants and accelerators62 was able to reproduce Zijp’s work, 
and in addition, he applied the same solvent systems to circular paper chromatog- 
raphy with satisfactory results. 

Williamson’s important contribution5’ is based on that of Zijp, but employs 
different solvent systems. Before the chromatography, he evaporates the extract to 
dryness at 80” and takes up the residue in 96% ethanol. After the addition of three 
drops each of 20% strontium chloride solution and 4M ammonia, any impurities 
(mainly fatty acids) precipitate out and can be filtered off. 

Unfortunately, the number of antioxidants now commercially available is so 
great that no single RF value, even in conjunction with a variety of spray reagents, 
is likely to be specific enough to identify any component unambiguously. The analyst 
is therefore forced to consider the use of multiple solvent systems to achieve the 
specificity he requires, and at this point, paper chromatography becomes too lengthy 
a procedure for routine use. Consequently, later workers have turned to thin-layer 
chromatography. 

(d) Thin-layer chromatography. Thin-layer chromatography is a much more 
rapid technique than paper chromatography and also allows more corrosive spray 
reagents to be used. Unfortunately, however, the reproducibility of RF values is 
generally poorer than in paper chromatography .48 Nevertheless, recent papers by 
Dallass3 and other workerss4*6S have indicated that reproducibility can be improved 
if full account of all the experimental variables is taken. 

Probably the most important contribution based on TLC is that of van der Neut 
and Maagdenderg. 74 In their scheme, the first chromatogram separates the antioxi- 
dants into groups according to RF ranges. Based on this preliminary classification, 
a second solvent system is selected and then, if necessary, a third and fourth until 
complete identification is achieved. In all, nine solvent systems are specified together 
with four detecting reagents. The scheme IS comparable to the scheme devised for 
the identification of metals via groups, and has been applied, with success, to over 
thirty antioxidants. Newly applied antioxidants can be easily inserted into the scheme. 
However, the success of this system depends to a large extent on the reproducibility 
of the RF values obtained, and the authors do not, unfortunately, give any account 
of their experimental procedure. 

In contrast, Cromptonl gives an excellent account of experimental TLC of 
polymer additives. He applies a 1% solution of polymer extract as a contmuous 
band along the bottom of two 20 x 20 cm plates one of which is made up from 
silica gel G 254, and the other from silica gel GF 254 (Merck) which contains a 
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TABLE III.-SEPARATION OF ANTIOXIDANT+THIN-LAYER CHROMATCMXAPHIC METHODS 

Substances separated Stationary phase 

Phenohc Slhca gel G 
antloxrdants 

Organo-tin 
stabrhzers 

Not stated 

Antroxtdants Not stated 

Orgamc stabilizers Kieselgel G 

Phenohc 
anttoxidants 

Polyamrde powder 

Phenyl sahcylate Kreselgel G 
Resorcmol benzoate 

Mobile phase Detection Refs. 

Methanol-cyclo- 17 
hexane (1.24) 

30 % Molybdophos- 
phorrc acid + am- 
monia vapour 

Acetic acrd-rsopro- 20 % Molybdophos- 66 
pyl ether (1 5.98 5) phorrc acid + am- 

moma vapour 

Light petroleum- (u) Ethanohc 2,6- 18 
ethyl acetate (9.1) drchloro-p-benzoqui- 

none4chloramme + 
2 % aq. Na*B,O, 

(b) Drazotmed p- 
nitroaniline 

Ethanol-free chloro- 67 
form 

Methanol-water (3 : 2) Drazotrzed sulphamhc 68 
or acid 

Methanol-carbon 
tetrachloride (1’ 9) 

Drchloromethane or UV Light 30 
isonropvl ether- 

BHA, 2,6-Q-t- 
butyl-p-cresol 

Antioxidants 

Antroxrdants 

Antroxrdants 

Antioxrdants 

Antroxtdants 

Antroxrdants 

Polymer addttrves 

Antioxrdants 

light p&oleum 
(40-60”) (7 : 3) 

Silica gel Chloroform 20 % Molybdophos- 69 
phorrc acid + am- 
moma vapour 

Polyamide powder Methanol-acetone- Duuottzed sulphanihc 70 
water (6.1 3) acid or molybdo- 

phosphoric acid 

Kreselgel G cc&-Drphenyl-&ptcryl 21 
hydrazyl (free radical) 

Alumma + 5 % Petrol-droxane (10.1) 5 % Ethanol, phos- 11 
Plaster of Paris on phomolybdrc acid 
mrcroscope slide 

Silica gel Acetone, chloroform, 32 
benzene, carbon tet- 
rachlorrde or binary 
mixtures 

(a) 10% Starch m Methanol-acetone- 72 
polyamide water (3 1.1) light 
powder petroleum-benzene- 

(b) 10% PVC m poly- acetic acid-DMF 
amide (40.40.20 1) 

Sdlca gel G Benzene 0.05 0/O Fe,(SO& m 73 
sulphurrc acid + 
0 2 % K,Fe(CN), 
(1:l) 

Silica gel Light petroleum See Table V 1 
(40-60”)ethyl ace 
tate (9 1) 

Not stated See text See text 74 
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fluorescent indicator. After development, the plates are examined under 254 or 
366 nm radiation so that any substances on the plates which absorb radiation at a 

wavelength above 230 nm appear on the fluorescent silica gel as dark areas on a blue 
fluorescent background. Any substances which themselves fluoresce appear on the 
non-fluorescent plate. After the positions of the substances so revealed have been 
marked, the plates are sprayed wrth aggressive spray reagents (Table IV) to reveal 
any additional components. Further identification is achieved by spraying additional 
plates with more specific reagents and by simultaneously running known antioxidants 

TABLE IV.-GENERAL SPRAY REAGENTS FOR LOCATION OF COMPOUNDS ON SILICA GEL 
COATED PLATES 

Reagents apphed to GF 254 plate without subsequent heatmg 

Potassium permangate (0 1N) in aqueous sodmm carbonate (5 % w/v) 
Potassmm permanganate (2 % w/v) m aqueous sulphunc actd (6 % v/v) 
Potassium permanganate (0 1% w/v) m sulphunc aad (96 %) 
Antrmony pentachloride (20 % w/v) m carbon tetrachlonde 
Phosphomolybdrc acid (3 % w/v) m ethanal, then plate exposed to ammorua vapour 

Reagents apphed to G 254 plate with subsequent heatmg 

Heat treatment 
Sulphurrc acid aqueous (20 % w/v) 5-15 min at 120°C then 5 mm at 150°C 
Potassium permanganate 
Phosphoric acid (10 %) in methanol 

(2 % w/v) in aqueous sulphunc acid (6 % v/v) 

Perchlonc actd (2 %) m methanol 
Antrmony pentachlonde (20 % w/v) m carbon tetrachlortde 
Phosphomolybdic acrd (20 % w/v) m 

methanol or methyl cellosolve 5-15 mm at 120°C 

on the chromatogram. The author points out that many commercrally available 
grades of sihca gel contam traces of organic impunties which interfere by reacting 
with the spray reagent or by absorbing in the ultraviolet or infrared when isolated 
components are separated from the plate and subjected to spectroscopy for further 
identification. These effects can be avoided, however, by first developing the plate 
in a highly polar solvent which pushes the impurities to the solvent front. The plate 
can then be redried and used for the analysis of polymer extract. 

(e) Gus-liquid chromatography (GLC). The enormous amount of GLC data 
whrch has been published over the last few years contains many references to the 
separatron of phenols and amines. Some of the work which is more directly applicable 
to the analysis of antioxidants is listed in Table V. 

The attraction of GLC lies in its ability to simultaneously separate, identify and 
estimate sub-milhgram quantities of complex mixtures, and it would therefore seem 
to be the complete answer to the problems so far outlined. There are, however, 
serrous drawbacks to the method. Retention trmes are no more specific for GLC 
than are R, values for thin-layer or paper chromatography. Day-to-day reproducr- 
brlity is not good for most mstruments running at high temperatures and varies 
considerably with the condition of the column. Since many antioxidants are not 
volatile, low stationary-phase loadings have to be used in order to cut retention times 
to a sensible value, which means that large areas of uncoated solid support appear 
which in turn lead to bonding by phenols and amines to the column, resulting in 
the distortion of peaks and lengthening of retention times. There are, however, 
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TABLE V.-SEPARATION OF ANTIO~~ANTS--OAS LIQUID CHROMATOORAPHIC TECHNIQUES 

Column 

Substances separated Stationary phase 
temp. 

“C Other details Refs. 

2,6-Di-t-butyl-p-cresol, 25 % LAC2R/446 (adi- 
2-(2-Hydroxy-Emethyl- pate ester) f 2 % 
phenyl) benzotriazole HsPOa on chromosorb 

2,6-Di-t-butyl-p-cresol, 10% Apiezon N on 
(I) cehte 545 

2,6-Di-t-butyl phenol 
2,4,6-tri-t-butyl phenol 
Drphenylamme 

2,6-Di-t-butyl-p-cresol Aplezon 
Phenyl-2-naphthylamine 

Halogenated his- 
phenols 

Low b.p. phenols 

Amme antioxrdants 

Phenol and 5-t-butyl Sihcone oil 55O-carbo- 
derivatives wax 400 (3:2) 

Phenols and cresols 5 % w/w of various 
phosphate esters of 
phenols 

Ionox 330 (see text) 

Low molecular weight 
phenols 

2,6-Dr-4-methylphenol 

Ionox 330 

10% DC-710 Sihcone 
011 on chromoport xxx 
80-100 mesh 

Capillary column 
coated with 10% 
xylenol phosphate 

20 % Aptezon L on 30- 
60 mesh chromosorb 
W. 

(a) 20 % DC-710 Sdl- 
cone or1 on chromo- 
sorb. 

(6) 2 % SE.30 s&one 
gum on chromosorb 
mesh 

S&one-coated capd- 
lary column 

20% SE.30 on HMDS- 
treated 60 mesh 
chromosorb W 

5 % SE 30 on 80-90 
Anakrom absorbant 

135 

164 

225-250 

125 

300 

200 

110 

200-300 
in 10 mm 

200 

290 

H, carrier gas, F.I.D. 
Error f 1% 

75 

He carrier, F.I.D. lo-’ MI 76 
m presence of others 
can be detected 

F I D. 

12-in. glass column, 
4 m o d Carrrer: 130 
ml He/mm 

F.I.D. 

2-metre, & in. o d. 
column 

Mean deviation 0 4 % 

120cm x 45mm 
column, Pye-Argon 
Chromatograph 

(a) 12 x & m. column 

(b) 12 x I$ in. stainless- 
steel column 

Converted to trrmethyl- 
sdyl esters before 
chromatography. 

E C. detector 

He-Carrier 

77 

78 

79 

80 

81 

82 

83 

84 

85 

1 

HMDS = hexamethyldn.ilazane 
E.C = electron capture 

F.1 D. = flame ionmatron detector. 
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measures which can be taken to meet these difficulties. For example, relative retention 
times are often more reproducible than unadjusted retention times, non-volatile 
components can be converted into more volatile derivatives such as trimethylsilyl 
etherP which also help reduce bonding to the column. The solid support can also 
be treated (for example, with hexamethyldisilazane) to reduce the number of active 
sites on the column available for bonding. s5 With the use of high temperatures or 
temperature programming coupled with high carrier gas flow-rates and low stationary- 
phase loadings, it may be possible to chromatograph relatively high molecular 
weight substances. Knight and SeigeP and Cromptonl have been able to chromato- 
graph the antioxidant Ionox 330 (1,3,5-trimethyl-2,4,6-tri(3,5-dl-t-butyl-4-hydroxy- 
benzyl)benzene, which has a molecular weight of 775 (vapour pressure O-014 mm at 
180”) with a retention time of less than 10 min. It must be pointed out, however, 
that the formation of derivatives before chromatography almost invariably leads 
to some sample loss and can often result m the appearance of spurious peaks. Further- 
more, instrumental parameters on most instruments cannot be varied far from the 
optimum. Fmally, the lack of specificity can only be overcome by using a variety 
of columns m the manner described for paper and thin-layer chromatography. 
Column changing is a tedious and inconvenient procedure and the cost of spare 
columns is prohibitively high. 

It must be concluded, therefore, that although GLC will play its part in the 
analytical scheme, it is not likely to replace TLC as the basis for it at the present time. 
The possibility of using pyrolysis gas chromatography is now being considered;14 
this may eventually change the situation. 

(f) Electrophoresis. This separatory technique does not seem to have received 
much attention by antioxidant analysts. A Japanese paper@ reports on successful 
separations by coupling the antioxidants with p-diazobenzenesulphonic acid before 
electrophoresn. Amines are coupled m acetic acid, and phenols in sodium hydroxide- 
ethanol. Electrophoresis is carried out in 1% w/v methanolic sodium borate. 

No reference to thin-layer electrophoresis was found. 

IdentiJicatlon of separated antioxidants 

The identification of antioxidants by means of RF values and spray reagents has 
been described in some detail, but although this technique may suffice in the majority 
of cases, it must be remembered that this is identification by inference, and occasionally 
a more positive identification may be required. It may sometimes happen, for example, 
that an R, value does not correspond to a previously tabulated value, or it is sus- 
pected that the unknown component is not an antioxidant, but some other type 
of additive. Alternatively, the situation may arise in which no separatory procedure 
is required, and lengthy chromatographic analysis can be avoided by a more direct 
method of identification. The following is a classification of identification techniques 
which have been used. 

Ultraviolet and visible spectroscopy. Ultraviolet spectroscopy is not a good tool 
for the identification of unknown constituents since it is non-specific and subject 
to many interferences. Nevertheless, ultraviolet spectra obtained from polymer 
extracts continue to be published.3s*44*53*87 Sircar et aLm were able to distinguish 
between various p-phenylenediamine-type antioxidants by means of the colours 
produced with acid permanganate in ethanol (which they measured spectroscopically), 
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but only a few of such compounds were studied. Hilton also adopted a calorimetric 
technique for the identification of amines. 88*8s He extracted them with ethanol and 
coupled them with diazotrzed p-mtroamhne. Kabota et 01.~ made coloured deriva- 
tives of amines with benzothiazolin-2-one hydrazone hydrochloride and iron(II1) 
chloride before spectroscopy. 

Interferences in direct ultraviolet spectroscopy have been minim~d by selective 
extraction24*2D** or chromatography. ** The use of ultraviolet light m momtormg 
chromatographm effluents has previously been noted, as has its use in the examination 
of thm polymer Urns without separation of the antioxidant. Qualitative ultravrolet 
sp~trosGopy is also mentioned m various reviews.4~~62,~ 

lnfrured spectroscopy. Infrared spectra give much more information than ultra- 
violet spectra and are less subject to mterference from small amounts of impurity. 
Their main disadvantages are that comparatively large amounts of sample are normally 
required, and that the spectra are too detailed to be useful for complex mixtures. 

Nevertheless, some workers find that infrared ex~~natlon of polymer extract 
without further separation can yield useful information.2E~55*s1-s3 Often, however, 
such examinations are carried out after the isolation of individual components. 
Crompton, for example, scrapes separated components from the TLC plate, elutes 
them from adsorbent, and studies them by mfrared in a potassium bromide d1sc.l 
He publishes the spectra of Ionol(2,6-di-t-butyl-~-cresol) and Its degradation products 
which he isolated from polythene in thrs way. McCoyg4 has developed a technique 
for obtaining infrared spectra from 50-100 ,ug of component on a TLC plate by 
elution wrth a solvent into an infrared cavity-microcell. IIe illustrates this technique 
with a spectrum of Ionox 333 so obtained. Fiorenza&’ uses column Ghromatography 
to simplify his polymer extract before using infrared. 

Finally, Hummel has published a comprehensive table givmg infrared data on all 
polymer addrtlves.Q5 

Fluorometric and ~hosFhorescence analysis. Aromatic ammes and phenols are 
among the few classes of compounds in which a large proportron of the members 
exhibit sensible fluorescence. Apart from this specificity, fluorescence techniques 
are far more sensitive than absorptron spectroscopic techniques, and it is, therefore, 
surprising that more use has not been made of fluorimetry in the analysis of antloxi- 
dants. Parker and BarnsS6 for example find that in extracts from rubbers the strong 
absorption by pine-tar and other constituents masks the absorption spectra of 
phenyl-naphthylamines, whereas their fluorescence spectra are sufficiently unaffected 
for them to be determined directly in the unmodified extract by this method. In a 
later paper9’ Parker also discussed the possibility of using phosphorescence techniques 
for determining these compounds, 

The use of spectrofluorimetry m the study of thin polymer films has already been 
discussed 

Other technzques. Mass spectrometry has been used to identify Ionol in polythene?* 
Amines have recently been studied by this technique ssS1oo One publiGation~ also 
mentions the use of X-ray diffraction in antioxidant analysis. 

Quantitative analysis 
The final step in the analytical scheme is the estimation of the amount of identified 

antioxidant in the original material. This info~ation may not always be required, 
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but when it is, the problem of quantitative extraction from the polymer is likely to 
be the factor which sets a limit on the accuracy of the results obtained. Because of 
the reactivity of antroxidants, there is no lack of methods for their quantitative 
estimation once they have been isolated. 

Spectroscopic methods. By far the most popular method of estimating antioxidants 
is by coupling or oxidizing them to form coloured products and measuring the 

Substances esttmated 

2,6-Dr-t-butyl-p-cresol 

Antroxtdants (general method) 

Amines 

Butylated hydroxytoluene 
(BHT) 

p-Phenylene~~ne derlvatlves 

N,N’-dr-2-naphthyl-p-phenylene- 
d&nine 

Phenohc annoxidants 

Amme anttoxrdants 

BHT 

~tio~d~ts (general method) 

Colour reaction 

Extract mto cycIohexane and oxtdtze m 
KOH-saturated tsopropanol 

Couple with a&-dtphenyl-,!%picrylhydrazyl 
(measure decrease of absorbance) 

(a) Couple wtthp-dtazobenzenesulphomc 
actd 

Refs , 

26 

101 

86 

(6) React wtth benzoyl peroxide 

React with 2,6-dichloro-#enzoqumone+ 
chloramme 

103 

Ethanol extracts coloured by reaction wtth 
cupric acetate m KCl/HCl buffer 

Qxtdtze with HBOa/H,S04 

34 

23 

Diazotized sulphamhc actd 

Dntzottzedp-mtroamlme 

Dtssolve xn KOH-80% ethanol 

Extract wrth toluen~~anol and treat with 
FeCls. Measure resultmg FeCl, wtth 2,2’- 
dtpyndyl 

22 

88 

45 

20 

resulting absorbance in the visible region of the spectrum. This technique is not 
particularly specific for individual antioxidants, but it is specific for amines and 
phenols if the correct reagents are used and hence small amounts of impurities from 
other additives do not Interfere. Table VI lists a number of such methods whmh 
have been reported. 

Thus non-specificity also provides a means of estimating total antioxidant content 
if no identification is required. GlavindlOl and Blois,lo2 for example, measure total 
antxoxidants by combining them with the free radical ~,~-diphenyl-~-pi~~lhydra~l. 
A British Standard method for measuring total phenolic antioxidants involves 
coupling them with diazotized sulphanilic acid. 22 Metcalf and Tomlinson have 
developed a general method in which the antioxidants are first treated with iron(II1) 
chloride, and the resulting iron(E) is estimated calorimetrically with the 2,2’- 
dipyridyl z” 

Straightforward ultraviolet spectroscopy is liable to be in error owing to highly 
absorbing impurities in the sample. In an attempt to overcome this difficulty, how- 
ever, WexleP makes use of the bathochromic shift exhibited by phenols on changing 
from a neutral or acidic medium to an alkaline one; this is due to the change of absorbing 

2 



1330 D. A WHEELER 

species because of solute-solvent interaction. Wexler, using a double beam recordmg 
spectrophotometer, measured a difference spectrum by placing an alkaline solution 
of the sample in the sample beam, and an identical concentration of sample in acid 
solution m the reference beam. In this way he was able to obtain quantitative informa- 
tion about thirteen phenols, free from interference. 

Scheele and his co-workers105*106 have found extensive agreement between con- 
ductimetric and ultraviolet spectroscopic methods of quantitative antioxidant analysis. 

An interesting Russian paperlo reports that inhibitors of free radical oxidation 
also cause a decrease of fluorescence under certain circumstances, and that this effect 
could be used to determine the reaction rate or the concentration of the inhibitor 
present. 

Phenoxy free radicals have been determined by electron spin resonance108 but 
this technique is of httle use for actual antioxidant analysis. 

Titrtmetric methods. Numerous titrimetric methods have been developed for the 
assay of small amounts (l-200 mg) of antioxidants. Davislog was able to estimate 
l-20 mg of a p-phenylenediamme derivative by visual titration in chloroform with 
toluene-p-sulphomc acid, Methyl Orange being used as indicator. The same type 
of antioxidant is oxidized with chloraml to form one equivalent of base by Lorenz 
and Parks.41 The base is then titrated in non-aqueous medium with perchloric acid. 
A Japanese paperno extends the non-aqueous technique to phenols by titrating m 
pyridme with sodium isopropoxide; the end-point is detected potentiometrically or 
conductimetrically. Schroder and Rudolph I9 determine phenolic antioxidants by 
treating the polymer extract with potassium bromide-bromate and estimating the 
unconsumed bromide with thiosulphate. This can be done with less than 1 mg of 
sample. 

Hydroquinone, which is sometimes used as an antioxidant, has been estimated 
by titration with N-bromosuccinimide, with starch-iodide to detect the end-pomt.lil 

Several complexometric methods are reported, based on the reduction by antioxi- 
dants of silver nitrate to metallic sllver.58*112*113 Th e precipitated silver is re-dissolved 
and titrated with EDTA via the substitution reaction with tetracyanonickelate.114 

Finally, an ingenious use of 2,4,6-tri-t-butylphenoxy radicals is reported by 
Paris et al.115 This reagent reacts with atomic oxygen and various antioxidants 
with stoichiometry dependent upon the number of labile hydrogen atoms they 
contain. Titrations can be monitored potentiometrically or spectrophotometrically 
at 625 nm. 

Electrochemical techniques. The use of polarography in the analysis of polymer 
additives has been extensively studied by Mocker,116-118 and Mocker and Old,lls 
who find the technique more applicable to accelerators than to antioxidants. Diffi- 
culties arise because the dropping mercury electrode (DME) cannot be used at 
potentials more positive than $-O-4 V with respect to the saturated calomel electrode, 
and since many aromatic amines and phenols can only be oxidized at electrodes, 
positive voltages have to be applied in their analysis. Nevertheless, the polarography 
of some amines and phenols has been studied120-12S and whilst no electrode is as 
suitable for polarography as the DME, antioxidants have also been studied with 
other electrodes, notably the graphite124*125 and platinum126 electrodes. The related 
technique chronopotentiometry has also been used with a graphite electrode for the 
study of antioxidants 12’ but although these procedures have been moderately successful 
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the time and care needed to achieve reproducible results do not warrant using them 
when simpler techniques are available. 

In addition, at least two commercially available antioxidants have been shown 
by differential cathode-ray polarography to exhibit reduction waves : Santanox 
[4,4’-thiobis-(3-methyl-6-t-butylphenol)] gives a poorly shaped wave at -0.6 V in an 
electrolyte consisting of ammonia and ammonium chloride in methanol-water,le* 
and 3,5-di-t-butyl-4-hydroxytoluene gives a wave at -0.65 V in aqueous sodium or 
lithium hydroxide. lzQ In both cases, 40 ppm of analyte gave a current which was 
adequate for quantitative analysis. 

Other papers mention the conversion of an antioxidant mto a polarographically 
reducible form130 and a general method for antioxidants which involved measuring 
a decrease in the height of the wave, due to the reduction of dissolved oxygen by 
antioxidants.131 

Amines and phenols have also been titrated electrometrically with lithium alumin- 
ium hydride, with platinum or silver electrodes, ls2 but, not surprisingly, small 
amounts of water affect the accuracy of the results. 

Gas liquid chromatography. Condltlons under which antioxidants have been 
successfully subjected to gas chromatography have already been reviewed above. 
It is sufficient now to note that results with an error of not more than 52% should 
be easily obtainable by the internal marker technique. 

DISCUSSION AND CONCLUSION 

It is apparent that a lack of sufficiently specific analytical techniques makes the 
separation of antioxidant first from the polymer and then from other additives 
necessary prereqmsites to any comprehensive scheme of analysis. The first of these 
separatory steps does not seem to have been studied as fully as might be expected, 
especially with regard to sample degradation. Useful indications of how this might 
be achieved are given by the in situ techniques of Luongol2 and Drushel and 
Sommers.16 

The second step is clearly attainable by chromatography, since isolation and 
identification can then be done simultaneously, although it is evident that with the 
variety of antioxidants now available, no simple chromatographic identification will 
be adequate. The most promising approach seems to be that of van der Neut and 
Maagdenberg74 in which the sample is developed in a series of solvents according to 
Its RF value in each preceding system. Because of its speed and comparative cheapness, 
thin-layer chromatography seems most readily applicable to such a scheme, provided 
that RF values can be made reproducible in the manner, for example, of Dallas.@ 

There is no shortage of techniques for the final quantitative determination of the 
isolated antioxidant because of its inherent reactivity. 

If such a scheme as outlined above appears unduly lengthy, it must be remembered 
that in most cases the analyst has prior knowledge concerning the sample, or only 
requires limited information from his analysis, so that identification can be simplified 
to perhaps one or two chromatograms containing the sample plus standard aliquots 
of the materials suspected to be present. This in no way invalidates the usefulness 
of a general comprehensive scheme for the identification of unknowns (which inciden- 
tally, can be applied equally well in the most part to other commodities containing 
antioxidants, such as foodstuffs and lubricating oils). Moreover, such a scheme, 
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by allowing the inclusion of new antioxidants as and when they are developed, 
would meet the future needs of this expanding sphere of technology for some time 
to to come. 
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Zusannnenfassung-Eme Uberstcht uber Methoden, die zur Analyse 
von Anttoxtdantien m Polymeren vorgeschlagen werden, m Form emer 
stufenwetsen Untersuchung der Probleme, die m jedem Analysenschema 
enthalten smd, mtt emer krittschen Wtirdlgung der publizterten Vor- 
schnften zu threr Uberwmdung. 

Rt%um&-Une revue des methodes proposees pour l’analyse des 
antloxydants dans les products polymeres, don&e sous la forme dun 
examen point par pomt des problemes 116s a n’lmporte quel schema 
d’analyse, avec une appreciation critique des techniques pubhees 
con9ues pour les surmonter. 
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MIXING EFFICIENCY AND INSTRUMENTAL DELAY 
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Summary-The effect of reactant addrtron time and mstrumental 
response time on recorded kmetic curves was considered. The mlxmg- 
time effect was consrdered for first- and second-order reactions in the 
case that a simple function of the concentration 1s measured, and for 
first-order reactions in the more complex case of non-adiabatic enthal- 
pimetric measurements. For any ratio of addition tune to half- 
transformation time the proposed equations allow calculation of the 
correct rate constant and theerror in the calculated imtral concentration 
extrapolated from the experrmental curve and show which portion of 
the experimental curve must be disregarded owmg to the rmsleadmg 
effect of the addition time. The distortton due to the response-time of 
a thernustor used as concentration transducer has been calculated 
from a simphtied model. The experrmental kinetic measurements 
performed by quasi- and non-adiabatic enthalpimetry agree very 
satisfactorily with the theoretical data. 

IN FAST and moderately fast chemical kmetics, the accuracy of measurement of the 
physical quantity used to follow the concentration (c) of one component of the system 
as a function of time (t), depends mainly on two factors: the instrumental response 
and the time taken to add one reactant to the other (addition time). The faster the 
reaction, the more sigmficant will be the distortion of the experimentalf(c) US. t curve. 
On the other hand the more complete the mechanistic study on chemical kinetics, the 
larger the variation of reactant concentration required, and hence the possibility of 
having to follow a fast reaction. 

The effect of addition time on the value of a first-order rate constant has been 
calculated, as far as we know, only for flow-methods, by Caldin and Tr0wse.l It was 
therefore interesting to find general relationships for predicting the errors due to 
addition time and instrumental time-lag on the experimentalf(c) US. t curve. 

In the present paper the addition time effect for different ratios tlln/ta (tllz = 
half-transformation time, ta = addition time) has been calculated for first- and 
second-order reactions in which one reactant is added to a fixed volume of the other, 
and so has the effect due to the response time of the temperature-measuring device m 
quasi- and non-adiabatic enthalpimetric measurements. 

For simplicity it was assumed that the reactant IS added at a constant rate and the 
solutions are mixed sufficiently quickly to ensure instantaneous homogeneity, and 
that the volume change can be neglected. 

In the experimental work, however, we found that the addition time can be lowered 
to O-1 set but the complete mixing time cannot be lowered to less than 1 set, and 
furthermore, an addition time of about 1 set or more is equivalent to the total mixing 
time. 

1335 
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Fzrst-order reaction 

Addition-TIME EFFECT 

Let ta be the time needed to add n, mole of reactant R. At time t the amount 
added will be n, = n,t/ta, and d n is the number of moles that have reacted, 

dn 
- = k&z, - n) = k,n, J- - kin 
dt IA 

Integration of equation (1) gives: for t < t, 

(1) 

where C is an mtegratlon constant whrch can be calculated from the initial conditions. 
For t > tA the reaction ~111 proceed as a normal first-order reaction, the initial 
quantity of R being 

nQ(1 - e-‘ltA)/k,tA 

and the quantity which has reacted being 

%t, = $ I(1 - @%+A){1 - &%it-*A)) Jr (e-kltA + klfA - I)] 

1A 

= 120 
[ 

1 - &_ (1 _ e-htA)e-kl(t-tA) 1 . (3) 
1A 

For all expe~men~l methods, such as quasi-adlabatlc enthalpimet~, where the 
measured physical quantrty h is a linear function of the number of moles reacted, 

h ECtA 
= $ 

[. 

t - _j- (1 - f+lt) 
1 1 

and 

h @th =h,,-2 (1 - &tA)(e-kl(t-tA))= ho _ $ (&$A - 1)&t 
(3 

1A 1A 

where h, = 12 for t --f co. 

Relating the addition-time ta to tli2 by ta = x tllz = 0*693x/k,, one can write 
equations (4) and (5) In the more general form: 

h&, = h, 1 - -!-. + xt,,z 

h* hO _ 
t>tA 

(eO 698s _ I)~-O 6031/t,/, 

0.693x (5’) 

where h* = h, - h 1s proportions to the number of moles #A - a unreacted. 
From equations (4’) and (5’) it follows that the experimental curve can be treated 

as a normal first-order reaction after tA, but during the interval from t = 0 to t = tA 
the amount of reactant will have dimmished to nohtJho i.e., n,(l - e-O QQ”)/O*693x, 
which is only about 70% of IZQ If t, = tllz, for example. 
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This means that, as the addition time cannot be generally lowered to less than 1 
set, only reactions with half-time of the same order can be followed. 

If extrapolation to t = 0 is carried out, as in the determination of n, in a mixture by 
differential kinetic measurements, equation (5’) shows that the normal procedure will 
yield not h, but /z,(~O*~~~ - 1)/0*693x. 

Efict on non-adiabatic enthalpimetric measurements. This case is particularly 
interesting since it is claimed that chemicals kinetics with tllz down to 0.2 set can be 
studied. 

Remembering2 that the temperature change is related to the number of moles 
reacted by : 

dnAH dT -- 
dt c 

= dt + k,AT (6> 

where AH = molar enthalpy of reaction, k2 = the Newtonian first-order heat- 
exchange constant, and the other symbols have the usual meaning, then at t < tA, 
from equation (2), 

dn 1 _ e--kit 
-_=n 
dt ’ ta ’ 

(7) 

From equation (6): 

yf!? (1 _ e-k14 = !$ 
A 

(1 - e--kit) = ‘$+ k,AT 

where AT, is the maximum temperature change corresponding to adiabatic condit- 
ions. 

Integration of equation (8) with AT = 0 at t = 0 gives 

Analogously from equation (3), at t > tA 

dn 
!! (1 _ e-kltA)e-kl(t-td_ 

dt = tA 

The integration of equation (6) with AT,, obtained from equation (9) gives 

AT,>, = tA(i2 k3 E (1 - ekztA)e-kat + (tiltA - l)e+t]. 
The first derivative with respect to t gives a maximum at 

which corresponds to : 

(13) 
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The limit of equation (13) with ta + 0 is the usual expression2 

k,/k,-kl 

Equations (12) and (13) allow calculation of the addition-time effect on the position of 
the maximum on the curve of AT vs. t. A non-instantaneous addition will cause a 
lowering of AT,,, and a shift of the curve and of tmax towards higher values of t. 
The extent of these effects depends on both x and t1,2. For example, for two different 
values of tile and the same value of x one has: 

tmsx 

tlh see t,, set X hx)x=o klksrm ka 

18 18 1 1.14 1 20 003 
02 02 1 108 1.10 0.03 

The experimental k value will appear 10 % less than the theoretical if an addition time 
of O-2 set IS assumed, but since complete mixmg generally requires about 1 set, an 
error of about 60% in the value of k must be expected. With a higher value of k,, 
the error will increase further. 

Second-order reaction 

Starting from a second-order reaction equation 

dn 
z = k,(a - n)(b - n) (15) 

(where a moles of one reactant are added to b moles in one liter of solutron of the 
other), at t G t, we have 

a = nat/ta 

where nA is the total number of moles added at tA, and so 

dn 
- - k,n2 + 

k,nn,t 

dt 
- + k,bn - - = k,bnat o 

tA tA 

Equation (16) is of the Riccati type. The solution of this equation gives: 

0 1 + c2b 

q,,t,, = 
J rn&, Cl --rf(C> 

ztA 
+ c2 

where c, and c2 are constants grven by 

(16) 

(17) 

1 + t,b++erf b la 

“= nAexp~';~tA,;"= 

( J'n",and ~=,/!&(!!f-_b). 

dFexp(-;F) 

and erf (1;) is the error function. 
As an example, the number of moles which have reacted at t = tA under the 
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followmg conditions are (for 1 htre of solution): 

t = t*, set nA b kl, I mole-‘. se& It 

1.0 o-01 0 02 50 oao35 
10 o-01 0.01 50 0*0019 

For the condition t > tA the reaction will continue as a normal second-order one 
according to 

or 

k,(t - tA) = &log @A - nt =,A)(~ - n> for nA + b 

(n* - n)(b - nt=tJ * 
(18) 

A 

1 
k,(t - tA) = - - 

1 
for nA = b 

n A--H nA - nt=tA 
(19) 

In these cases the slope of the curve plotted in the usual way will allow calculation of 
the correct value of k at t > tA, while the intercept at t = 0 will give an erratic value 
of b&z,. 

TIME-LAG OF THE TRANSDUCER 

In considering effects connected with the transducer used to follow concentration 
changes, it must be emphasized that a relatively fast change of input signal may cause 
output delay and distortion. From the kinetic point of view, this means that to, h,, 
and the slope of the recordedf(c) vs. t curve may be affected. Wyatt3 has considered 
the effect of the response time of the galvanometer on a measured first-order kinetic 
reaction. We consider here a thermistor as transducer. 

A glass-covered thermistor generally has a time constant between O-5 and 10 set, 
depending on its insulation shell and the speed of convective motion of the surroundmg 
fluid. The simplified model we tried gives theoretical results in fair agreement with 
the experimental measurements. 

Let us consider that the fluid temperature changes, as in the case of first-order 
kinetics, according to the law T = T,(l - ~~1~). The temperature change rate of 
the thermistor will be, according to the Newton heat-exchange law: 

dTth 
- = k’ [T,(l - ,-klt) - Tth] 

dt (20) 

where Tth = temperature of the thermistor. 
Integrating, we have 

Tth = T, 1 + k, _ k, 1 (Q-k’t _ k’eil’)] . (21) 

The temperature difference between the fluid and the thermistor at time i will be 

AT= To& @-w - @‘t)* 
1 

In our experimental conditions the average delay was estimated to be 0.34 set with 
magnetic stirring and O-25 set with 1500-r-pm propeller stirring. The corresponding 
average values of Newton’s constant for the thermistor are 3 set-l and 4 se&. 
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Frgure 1 shows the temperature/time curves for the solutron (upper curve) and 
the thermistor m an exothermic first-order reaction. The corresponding log T vs. t 
plot has a continually changing slope in the initial portion (about 50 %) of the curve, 
and the extrapolated T,, value is higher than the theoretrcal one. These effects become 
larger rf the ratio k,/k’ Increases. 

1 2 3 L 5 6 

‘\ \ 

2 

t (set) 

FIG 1 -Effect of the transducer (thermtstor) response time on the recorded first-order 
kmetrc reaction curve. 

Curve 1-theorettcal for t* = 0, k1 = 0.829 set-I, thermistor heat-exchange constant 

very high, rtght-hand scale T/T,. Curve 2-the same condtttons as curve 1 but a ther- 
mistor heat-exchange constant of 3 16 set-l has been assumed. Curve 3-log T,/ 
(TO - T) vs. t; the extrapolated value of the curve at t = 0 (dotted hne) gives a value 

of T0 (proporttonal to cO) higher than the theorettcal 

It was found that the response time of the transducer affects the slope of the curve 

in the first 3/k’ sec. After this time the recorded curve ~111 be practically parallel to 

the theoretical one but with a delay of l/k’ set The delay can be assumed to be 
approximately given by : 

AT 1 _ &L, --k’)t 

To k, e-kit = kl _ k’ ’ 

EXPERIMENTAL 

The quasi-adiabatic measurements were made with the apparatus prevtously described * The 
glass-enveloped thermistor bead was produced by ITT Standard (Switzerland), and had a resistance 
of 1800 ohm at 25”. 

The non-adiabatic measurements were made m a reactton cell 100 mm deep and 50 mm m diameter, 
drilled m an alummmm cylinder 170 mm high and 180 mm m diameter. To avord corroston, the 
walls of the cell were coated wtth a thm layer of 18001 Montecatmt Edison epoxtde resm, which 1s 
not affected by the reagents used. 
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A 1500-rpm helical glass propeller was generally used. The addmon time and the mixing time 
were fixed by the addition of a few ml of reactant to the cell solution, from a lo-ml hypodermic 
syrmge. During its stroke the piston of the syringe activated two microswttches (at the start and at 
the final mlectton tune) which recorded marks on the upper trace of a 502 A Tektromx oscillograph. 
The time elapsed between the two marks was the reactant addition time When a controlled-rate 
addmon of the reactant was reqmred, a motor-driven syrmge was used. 

The rmxmg time was measured by showmg on the lower trace of the oscillograph the output of 
a reststance brtdge contaimng either a thermrstor or a photo-cell as transducer for temperature and 
colour changes respectively. 

FIG 2.-Mtxmg-time measurement. 

Curve 1-thermtstor; curve 2-photo-resistance; sweep 0.5 set/cm; for other details see text 

Figure 2 shows the curves obtained with a photo-resistance (curve 2) and a thermistor (curve 1) 
for the neutrahzatton of 5 ml of 1M sodmm hydroxtde, 10 drops of 10% phenolphthalem solutton 
and 250 ml of water in the cell, with 5 1 ml of 1 M hydrochlortc actd added from a syringe. 

For ideal mixing condttrons (instantly achieved homogenetty of the solution during the addttton) 
the change m curve 2 should be very sharp at the ttme which corresponds to the first excess of actd , 
curve 1 should rise linearly durmg the addition and reach the bmttmg value exactly at the end-pomt. 
Experimentally, both curves (curve 1 with a delay not clearly seeable m the figure) reach the lnmtmg 
value m about l-5 set from the begmmng of the addttion (whtch itself took about 0 1 set) * Wtth 
40 ml of solution m the reactton cell Instead of 250 ml, addmon and mtxmg were completed m about 
1 sec. 

Finally, the time (1 O-l.5 set) needed to reach the hmttrng value was confirmed for the photo- 
resistance arraneement bv addmon of 5 ml of alkahne nhenolohthalem solutton to 250 ml of 0 01 M 

J L I 
sodmm hydroxtode. In thts case the phenolphthalem was already m the red form and the unknown 
contrrbutton due to its kmettc rearrangement was avotded 

* R Thompson clatms6 that mixing of small volumes by fast inlectton of one solutton into another 
wnhout stlrrmg takes no more than 30msec. If the osalloscope 1s triggered during the mlectton 
according to the statement of the author, rt seems from Ag a of his paper that mtxmg requtres 
about 300 msec 
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5 10 15 20 25 
to_ 

FIG. 3.-E&& of addition tune on the recorded curve of methyl acetate hydrolysis at 
25°C. 

Upper curve (experimental)--ta = 0.1 set; lower curve [calculated from equations (4) 
and (5)] and circles (expertmental)-ta = 4.11 sec. Methyl acetate 0 005M, NaOH 

0*5M. 

TABLE I -EFFECT OF ADDITION TIME ON THE EWERIMENTAL ENTHALPIMETRICALLY 
MEASURED KINETIC CURVE FOR HYDROLYSIS OF METHYL ACETATE AT 25°C 

Quasi-adiabatic 

k;/~tNa~Hl 
h%WFlh0 

cal- 
WaOHl, tl/s, tA, . I. ho - ht,/ho measured, culated, 

M see see set-l h, measured calculated hOextr % % 

0 50 670 411 @207 1440 0 812 0 812 1863 25 0 25.0 
0 50 6.78 4.26 0.206 1530 0.836 0 814 193.6 26.5 25 8 
0 25 13.35 420 0 207 148 5 0 876 0900 161.4 87 110 
1.00 340 0.78 0 202 147.0 0 823 0.930 1699 11.5 90 
1.00 3.45 1.77 0.200 122 0 0 828 0 857 147 0 20 5 20 0 
0 50 7.00 364 0200 1845 0 872 0 847 219 0 187 19 6 
0 50 6.95 3.51 0200 172 5 0 910 0.850 224.0 22 0 20 0 

tNaOH1, hx, t,, k, 
M set set set-l 

Non-adtabatm 
k 19 

see-’ 
kJNaOH1 

I. mole-‘. see-l 

1.00 1144 090 0.0294 0*1930* 0.207 t 0*193* 0.2077 0 2065 
0 50 18 14 1.68 0.0294 0*0930* 0.101 p 0.186’ 0 202t 0 206: 
0 25 2744 3 56 0 0294 00444* 0 0506t 0 178* 0 203t 0 206; 

* Fust-order constant calculated from hnut of equation (13) for r, = 0. 
t Frost-order constant calculated from equation (13). 
$ From quast-adiabatic measurements. 
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It was surprising to find that the addition and mixing t:mes appeared to be very little a&ted by 
changes in the volume and by the type and rotation speed of the propeller. 

The time-delay of the thermistor was measured by recordmg on a Texas two-pen recorder the 
output of the thermistor bridge and the output of a potentiometer the voltage signal of which was 
proportional to the volume of reactant added. In other cases the time-delay was measured on the 
osclllograph. 

The error due to the addition time, in a first-order reaction, is shown m Fig 3. The agreement 
between experimental points (circles) and the calculated curve (unbroken line) 1s very good. The 
upper hne represents the experimental curve for instantaneous mixing. 

Table I gives the apparent and corrected kinetic values compared with the theoretical ones, for 
various experimental conditions From these results it may be concluded that the mixing time may 
have a serious effect, depending on the ratio r,l,/t* and the portion of thef(c) vs. t curve considered. 
The proposed equations can predict the extent of this effect and allow calculation of correct lcmetlc 
data from the experimental curves. 

Acknawkdgement-This work was partly supported by the C N.R Rome. 

Zusammenfassung-Der EmfluB der Zugabezeit des Reagens und der 
Ansprechzeit des Instruments auf registrlerte kmetische Kurven wurden 
betrachtet. Der EltiuB der Mischzeit wurde ba Reaktlonen erster 
und zwelter Ordnung fur den Fall betrachet, d& eine einfache Funk- 
tion der Konzentration gemessen wlrd; be1 Reaktlonen erster Ordnung 
such fur den komphzlerteren Fall mchtadlabatlscher enthalplmetn- 
scher Messungen. Die vorgeschlagenen Glelchungen erlauben fur 
Jedes VerhBltms der Meschzelt zur Halbwertszeit der Reaktion Berech- 
nung der rlchtlgen Geschwindlgkeltskonstanten sowle des Fehlers in 
der durch Extrapolation aus der experimentellen Kurve berechneten 
Anfangskonzentratlon. Ferner zelgen sle, welcher Ted der expen- 
mentellen Kurve durch die Mlschzert verfalscht 1st und aul3er Betracht 
blelben mu& Die durch die Ansprechzeit emes Thermistors als 
Konzentrationsfuhler hervorgerufene Verzemmg wurde aus emem 
veremfachten Model1 berechnet. Die experimentellen kmetlschen 
Messungen durch quasi- und mchtadlabatlsche Enthalplmetrle stlmmen 
mlt den berechneten Werten sehr befrledlgend uberem 

R&m&--On a consldbt5 l’mfluence du temps d’addltlon du reactif et 
du temps de rbponse instrumental sur des courbes cm&ques enregls- 
t&es On a consid& l’mfluence du temps de mklange pour des 
reactions d’ordres un et deux dans le cas oti l’on mesure une simple 
fonctlon de la concentration et pour des r&actlons d’ordre un dans le 
cas plus complexe de mesures enthalplm&riques non adiabatiques. 
Pour n’lmporte quel rapport entre le temps d’addltlon et le temps de 
demo-transformation les Equations propos&s permettent le calcul 
de la constante de vltesse correcte, de l’erreur dans la concentration 
mitiale calculk extrapolQ & partir de la courbe experlmentale et 
montrent la fraction de la courbe exp&lmentale qm dolt &tre n&ghg& 
du fait de l’erreur due ii l’mtluence du temps d’addltlon. On a calcule 
la distortion due au temps de rkponse d’un thermistor utlhse comme 
transducteur de concentration rl partlr d’un mod&le slmphfi6. Les 
mesures cmCtlques exp&imentales r6alisCs par enthalplm&ne quasl- 
et non adlabatlque sont en accord t&s satisfalsant avec les don&es 
th&mques. 
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Summary-Some mono- and Qprotic acids have been titrated thermo- 
metrically with strong alkalis m aqueous and non-aqueous medta. 
Thermograms wrth sharp arrest pomts were obtained, from which heats 
of neutrahzatton were measured. Heats of neutrahzatton m the medra 
used were compared and an effect attributable to hydrogen bonding 
was found. 

THERMOMETRIC titration has been carried out in aqueous and non-aqueous media.r*an3 
When a reaction proceeds in intermediate stages havmg different enthalpies, thermo- 
metric titration can be used to detect these stages. Diprotic acids would be expected 
to produce such stages during their reaction with strong alkali, yielding thermograms 
with two arrest points corresponding to the neutrahzation of successive carboxylic 
groups. In the present work some monoprotic and diprotic acids were titrated m 
aqueous and non-aqueous media, with strong alkali. Thermograms obtamed 
allowed an experimental determination of the enthalpy changes of neutralization. 

EXPERIMENTAL 

Apparatus 

Temperature change was measured by means of two thermistors in a bridge crrcuit (Frg. 1) 
A single therrmstor bridge of the conventtonal types was found to suffer from mterference caused by 
the matron of a magnetic strrrer, such interference becommg more marked at high bridge sensrttvtty. 
The interference took the form of recorder oscrllattons corresponding to stirrer speed and was attn- 
buted to an mductron effect of the rotating magnet on the thermistor leads. Arrangmg two thermistors 
m the manner shown prevented thrs effect and gave a maximum sensrtrvrty of 29 mV/deg, whereas a 
smgle thetrmstor in a simtlar bridge circmt was found to gve 15 mV/deg in the 24-26” range. The 
bridge was balanced by tist adjusting RI and Ra to about 1000 ohms each, then adjusting the ganged 
pan of resistors. R, was then used as a coarse bucking resistor and R8 as tine control. The unbalanced 
potential was recorded on a Kent Multilec Mark 3 eleetromc recorder, range 1 mV. Thermistors 
used were a matched pair of Standard Telephones and Cables F.23 thermistors wrth a nominal room 
temperature resrstance of 2000 ohms. The sensrtivtty of the bridge was dependent on the voltage 
applied from the potential drvrder P, whtch was measured by the voltmeter V. Linearity of unbalanced 
potential wrth temperature rise was checked by compartson with a Reckmann thermometer. 

The titration vessel was a lOO-ml Pyrex beaker nisulated 111 polystyrene, enclosed in a wooden 
box. The beaker was fitted with a polythene cover held by a threaded polythene flange under the 
flared beaker mouth. The two thernnstors and a small electrrcal heater were permanently 
fitted through the polythene cover, which also had a small hole bored in rt to allow the burette tip to 
enter the vessel. The contents of the beaker were stirred by a Teflon covered magnetic stirrer operated 
by a Gallenkamp S.S. 610 motor. The burette used was a Sargent Model C fitted with a 2.5~ml head, 
delivering 2.5 ml in 12.5 min. A small electrrcal heater (2 03 ohm) was made by coihng nichrome 
wire on two sealed glass tubes. 
tions inside the glass tubes 

The current was introduced through copper leads and solder connec- 

across the heater. 
A conventtonal heater ctrcmt was constructed to provrde steady voltage 

3 1345 
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Materials and reagents 

Methanol was supphd by B.D.H. (water content tOOl%, recommended for Karl Ftscher 
and non-aqueous titration). AnalyticaI grade benzene was used. Benzoic acrd (Hopkins and WiIhams) 
was of Britrsh ChemicaI Standards No. 19Oh quahty, mtended for use m calornnetry, 99.99% pure. 
Phthahc, sahcylic, isophthalic, malonic, succuuc, glutaric, adipic, maIerc, fumartc, tartartc, and 
boric acids were reagent grade purified by recrystalhzation from water until their meltmg pomts were 
within 1” of hterature values.” Oxahc acid was anhydrous analytical grade. T&ant sodium hydroxide 
solutton was made by adding washed analyttcal grade sodium hydroxide pellets to water, the product 

- 
FIG 1 .-Apparatus. 

B-l.5 V dry-cell; K-key switch; V-voltmeter (3 V), %-ganged pair 2000 sit. 
variable resistors: R,. G-2000 f2 variable resistors: R.--l00 L-2 variable resistor. 
Rr--S.T.C. F.23: th&mistors; P-potenttal dividers, Z-a00 Sz; S-Kent Multdec 

recordmg potentiometer. 

bemg about 2&f. T&rant sodium methoxide solution was made by addmg clean sodmm to 300 ml 
of methanol until reaction was verv slow. then adding 200 ml of methanol, the final product being 
about 15% T~trant tetra-n-butyl&sno&un hydrosde solutron was made by shaking 120g 07 
dry tetra-n-butylammomum iodide with 70 g of dry silver oxide in 500 ml of methanol for one week, 
allowmg to settle, and fihering off the clear solution. The fInal solution was about 0 5M and found 
to be stable although pale yellow. All tmants were stored m insulated amber glass bottles with 
protection against carbon dioxide and water vapour. 

Methud 

The stirrer and a weighed amount of acid were placed in the 100 ml beaker and 50 ml of solvent 
added from a pipette. The cover with its attached thermistors and heater was fitted, then beaker and 
contents were placed in the insulating box and allowed to come to thermal eqmhbrmm while being 
starred. When the thernustor bndgerecorder gave a steady trace the burette ttp was introduced. 
In aqueous titration a small plug of s&one grease in the burette tip prevented mnung of titrant and 
tttrand before the burette motor was started to perform the tttratton. In non-aqueous titration an 
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au space was left between tltrant and burette tip to ensure no pretitration mixmg occurred, as 
silicone grease was dissolved by the titrants employed. Recorder speed was arranged to produce a 
thermogram about 20 cm long for each titration. A suitable bridge sensitivity was chosen by trial. 
Initial titration with benzoic acid as standard was used to calibrate the delivery of the burette m 
mmole of titrant per cm of chart run. Thus value was then used to calculate the amount of titrant 
added in subsequent tltratlons, from measurement of chart length. Tltratlon time was 3-6 min. 

The thermograms produced deviated only slightly from linearity so that the enthalpy change of 
neutralization was measured by an extrapolation method6 rather than the mitial slope method. In 
experiments to determme enthalpy change the recorder was run at minimum speed (16 m&r), the 
amount of acid used was reduced, and bndge sensitivity adjusted in order that titration time would be 
small and a steep thermogram produced, mmimmng errors of extrapolation. The apparatus was 
cahbrated for enthalpy determination by heatmg the 50 ml of t&ant solution stirred in Its msulating 
vessel at a known wattage for a known time as the recorder trace was produced. The height of the 
resultant thermogram was corrected by extrapolation, and a cahbration factor calculated m calories 
per cm rise on the thermogram. Calibration was performed before and after each titration and a mean 
value taken for calculation. Heater current was adjusted so that the slope of a calibration thermogram 
was almost the same as that of its titration thermogram. At least three titrations were performed for 
each M” value reported. The accuracy of the enthalpy determination method was checked by 
titrating potassmm chloride into silver nitrate solution unth the apparatus and comparing the results 
for A&cl with literature values obtained m a hke manner@*’ (determined value -15.8 k&/mole; 
literature value’ - 15.8 kcal/mole). 

All titrations were carried out at room temperature, 20 rt 2”. 

RESULTS 

Results are summarized in Tables I, II and III. 
Titration in all solutions produced almost linear thermograms with easily detected 

arrest points. Benzoic acid was a satisfactory standard in the solvent employed 
for calibrating the burette delivery, yielding but one equivalence point, no precipitates, 
and sharp arrest points. Aqueous titration of phthalic, oxalic, maIonic, and succinic 
acids produced thermograms showing two arrests corresponding to the successive 

TABLEI.-TITRATION OF ACIDS IN AQTJEOUS SOLIJTION WITH SODIUM HYDROXIDE 

Acid p&* 

Rat10 Rat10 
found 2nd arrest Relative AHOt 
added 1st arrest Replicates std. devn., % kcal/mole 

Be.llz01c 
sal1cy11c 
Phthalic 

oxahc 

Malomc 

Succimc 

Glutaric 

Adlplc 

Malelc 

Fumarlc 

Tartarlc 

Boric 

4.19 
297 
2.89 
5.51 
1.23 
4.19 
283 
5.69 
4 16 
5 61 
4.34 
5.41 
443 
441 
1.83 
6 07 
3.03 
444 
2.98 
434 
9.14 

0.991 

0 976 

1008 

1.001 

1.018 

0.982 

1 010 

0.995 

1.022 

1.014 

6 
5 

1.98 7 

1.88 5 

200 6 

1 97 5 

2 

3 

5 

2 

3 

3 

0.65 
1.2 
09 

20 

0.50 

22 

0 65 

21 

1.4 

0.7 

1.6 

1.1 

-13.9 
-13.4 
-14 4 
-13.7 
-13.5 
-14 6 
-146 
-15.1 
-13 2 
-140 

-28 6 

-28 8 

-284 

-28.5 

-27 3 
-10.2 

Bridge voltage 0 4 V; 0 3 mmole of aad m 50 ml of solution; @03205 mmole of NaOH per cm 
of chart; chart speed 4 m./min for titration, 16 m./hr for AH” measurements. 

* Literature values; reference 4. 
t &to 2 kcal/mole. 
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TABLE II.-TITRATION OF ACIDS IN METHANOL WITH s.001~~ ~TH~XIDE 

Acid 

Ratlo Rat10 
found 2nd arrest 

added 1st arrest Replicates 
Relative AF$ 

std. devn., ‘A kcallmole 

BenzOlC 1000 
Sahcyhc 0 992 
Phthahc 0.998 

Isophthahc 

OXallC 

Malonlc 

Succmic 

Glutaric 
Adiptc 

Maleic 

Fumaric 
Tartaric 

Boric 

1013 

0*997* 

0 999 

0 996 

1001 
1003 

0.991 

O-989? 
0 987 

1004 4 0.23 

1 99 

2 08 

200 

200 

2 06 

2.06 

200 

1.95 

8 0 83 
3 042 
5 0.83 

4 

3 1 45 
3 0 42 

0 90 

0 60 

15 

0 62 

0 72 
0 90 

0 58 

-70 
-7.1 
-65 
-7.2 
-72 
-60 
-84 
-6.2 
-6.5 
-7.2 
-63 
-73 

-13.4 
-7.4 
-63 
-88 
-46 

-66 
-6.1 

-13.9 

Brtdge voltage 0 1 V (0 4); 1 0 mmole (0.3) of acid m 50 ml of solution; 0 1001 mmole of 
CH,ONa per cm of chart; chart speed 64 m /hr (16); figures m brackets refer to AH’ measurements, 
others to titrations. 

* White preciprtate formed. 
t Precipitate formation distorts thermogram 
$ f0.2 kcal/mole 

TABLE III.-TITRATION OF ACIDS IN METHANOL-BENZENE WITH TBTBA-n-BUTYLAMMONIUM HYDROXIDE 

Acid 

Ratio Rat10 

found 2nd arrest 

added 1st arrest Replicates 
Relattve AH’* 

std. devn , ‘A kcallmole 

Benzotc 
Sahcyhc 
Phthahc 

Isophthahc 

Oxalic 

Malomc 

Succmic 

Glutarm. 

Adiptc 
Maleic 

Fumaric 

Tartartc 

Boric 

1000 
1012 
1 013 

0 967 

0.984 

1WO 

0 987 

0 994 

1004 
0 996 

0 984 

0 965 

0 995 

1 99 

1.97 

2 03 

1.99 

204 

200 

195 

2 03 

2.20 

8 0 55 
4 0 67 
5 0 50 

3 

3 

4 

0 77 

0 95 

108 

0 57 

@86 

0 09 
12 

12 

21 

0 65 

-5.9 
-57 
-44 
-5.7 
-64 
-5.1 
-86 
-99 
-56 
-84 
-3.8 
-86 
-58 
- 6.9 

-117 
-76 
-52 
-7.0 
-56 
-42 
-62 

-13 6 

Bridge voltage 0 15 V (0 4), 0.5 mmole (0 3 of acid m 50 ml of solution; 0.05215 mmole of 
(C,,H&NOH per cm of chart, chart speed 64 m /hr (16); figures m brackets refer to AH” measure- 
ments, others to titrations. 

* f0 2 kcai/mole. 
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neutralization of the acid groups. Thermograms became steeper after the first arrest 
in the case of aqueous oxalic, malomc, and succimc acids, but less steep in the case 
of aqueous phthalic acid. The other diprotic acids examined showed no intermediate 
arrests in aqueous titrations (Fig. 2). When intermedlate steps were detected the 
enthalpy change for each neutralization was found, otherwise the values m the tables 
are those of both the acid groups together. Aqueous bone acid was monoprotic, 
its arrest point being rounded but allowing accurate location of equivalence. The 
AH” value found (-10.2 kcal/mole) is in exact agreement with literature values.* 

d 

C 
a 

b 
e 

1 

4 cal 

f 
j 

C 

03205 mM 

IDC 

FIG. 2.-Thermograms for tltratlon of sodium hydroxide solution mto 50 ml of aqueous 
solution of various acids. 

a-0.3636 mmole of phthahc acid; -3166 mmole of succimc acid; c-O.2727 mmole 
of oxahc acid; C&-O 2679 mmole of malelc acid; n-0 780 mmole of boric acid (for 

AH determination) 

The successive AH” values (-13.5 and -14.6 kcal/mole) for oxalic acid were found 
to agree closely with literature values’ (- 13.4 and - 14.5 kcal/mole). The AH” 
values for neutralization of a single carboxyhc acid group were all between -13 and 
- 15 kcal/mole. 

Titration in methanol with sodium methoxide in methanol as titrant allowed 
detection of successive neutralizations in the case of all the dlprotic acids examined 
except glutanc acid. Phthalic, malonic, and succinic acid gave thermograms rising 
more steeply after the first arrest. White precipitates were produced during titrations 
with oxalic acid and fumaric acid, which in the latter instance distorted the linearity 
of the thermogram, preventing detection of successive neutralization but allowing 
a sharp final arrest point. 

AH” values were more variable than those found in aqueous titration, maleic 
acid having the biggest difference in successive values. Boric acid was monoprotic, 
had a slightly rounded arrest point which allowed accurate end-point location, and 
a AH” value considerably greater than the other acids. 

For titration with tetra-n-butylammonium hydroxide dissolved in methanol the 
acids were dissolved in 1: 4 methanol-benzene mixture. This proportion of methanol 
in the solvent was found to eliminate effects of heat of dilution and mixing which 
were observed in preliminary experiments when benzene alone was used as solvent. 
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Such effects would not mfluence titrations carried out primarily for estimation but 
would impair those in which AH” was determined. Experiment showed that with 
this solvent mixture, the introduction of the 094 titrant had no measurable effect 
on the linearity of the thermograms at the bridge sensitivity used. Thermometric 
titration was found to be a successful means of finding equivalence points in this medium. 
Thermograms were almost linear, with easily located arrest points occurring at 
equivalence. Phthalic, oxalic, malonic, succimc, glutaric, and tartaric acids produced 
thermograms nsing more steeply after the first arrest. Phthalic and maleic acids had 
rounded final arrest points but these allowed equivalence to be determined. Titration 
with salicylic acid gave an unusual inflection immediately before the final arrest point. 
This inflection effect was also observed at the first arrest for phthalic, maleic, and 
malonic acids but not m any other cases (Fig. 3). AH” values showed greater variation 

FIG. 3.-Thermograms for tltratlon of tetra-n-butylammonmm hydroxide m methanol 
mto 50 ml of 1:4 methanol-benzene solution of various acids. 

a-0 5962 mmole of phthahc acid; b-0 5744 mmole of succimc aed; -45559 mmole 
of malelc acid; d-04048 mmole of fumarlc acid; e-O.5016 mmole of malonic acid; 

f--O 9088 mmole of sahcylic acid. 

than in the other solvents, succinic acid having the biggest difference between successive 
values. The AH’ value for boric acid was much greater than those of the other acids, 
and was the same as that found in methanol. Boric acid gave a slightly rounded 
arrest point and was monoprotic. 

DISCUSSION 

Tyrrell has devised a method of calculatmg the feasibility of thermometric 
titration giving a sharp arrest point when used in a neutrahzation reaction.g Values 
of Tyrrell’s function 5 calculated from Table I show that, apart from boric acid, all 
the titrations in aqueous solution should give thermograms with sharp arrest points, 
a prediction borne out by the results. Under the conditions used 5 for boric acid was 
about 103, implying a rounded but accurate end-point, which was observed in practice. 
Titration in aqueous solution showed that AH” values for neutralization of a single 
carboxylic group do not differ appreciably from the value for “strong acid-strong 
base” neutralization (- 13.5 kcal/mole) and are not greatly affected by the dissociation 
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constant (K,) for the carboxyhc group. This shows that the enthalpy change of 
iomzation (AH,“) is low for the carboxylic groups in the acids studied. AHr” is 
related to the drssociation constant of the acid by the relationship AH,’ = TASi’ - 
RThKa. In a study of thermometric titration of weak monoprotic acids in aqueous 
solution with aqueous sodium hydroxide, Jordan and DumbaughlO concluded that 
if K, were small the AH,’ value would be compensated by AS,” being correspondingly 
larger, and on this basis they calculated AS,” values. The present work shows a 
similar effect in diprotic acids so that even if successive dissociation constants for such 
acids are very different, e.g., for maleic acid, the values of AH” for successive neutraliz- 
ations are almost same. In some cases the second AH” value exceeds the first. 

In non-aqueous solvents with a lower dielectric constant and autoprotolysis 
constant than water, hydrogen bonding and electrostatic effects would be stronger, 
resulting in drfferent entropy changes from those found in aqueous media. Trtration 
in non-aqueous media would be expected to show AH” values different from and 
showing more variation than those in the corresponding aqueous titration. Results 
obtained showed such changes. 

The inflections found in the tetra-n-butylammonium hydroxide titratton curves 
occurred with those acids in which stabilization of the anion formed by removal of 
the first proton can be brought about by mtramolecular hydrogen bonding (e.g., 
sahcylic acid, Fig. 4). 

FIG. 4 

An anomaly m the shape of potenttometric and conductimetric curves for weak 
acids titrated m non-aqueous solvents with tetra-n-butylammonium hydroxide has 
been observed and accredited to the formation of hydrogen-bonded dimers between 
the ionic and non-ionic forms of the acids,11,12 such a compound having been isolated.13 
An explanation of the present mflection with salicylic acid could be the energy change 
due to the formation of a metastable hydrogen-bonded associated species between the 
non-ionized dimer present in the solvent of low dielectric constant (Fig. 5) and the 

FIG. 5 

intramolecularly hydrogen-bonded salicylate ion. The position of the inflection 
shows that the conditions conductve to this arrangement are a preponderance of the 
intramolecularly bonded ion. The second neutralization after such inflections in the 
case of diprotic acids will be that of the intramolecularly hydrogen-bonded ion, 
the rounded arrest point showing that this species is an extremely weak acid, but the 
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entropy change keeps AH” of neutralization the same as that of the other acids 
studred. A similar explanation can apply to the inflections of the thermograms of 
phthahc, malonic, and maleic aads. 

The rounded arrest point for boric acid in non-aqueous solvents shows that in 
them it is a very weak acid. Nevertheless the AH” value is very high, showing that 
the entropy change is considerable in such solvents. 

Zusammenfassung-Emrge em- und zwetbasrge Sauren wurden thermo- 
metrisch mit starken Alkalien in wa8ngen und mchtwa5ngen Medren 
titriert. Es wurden Thermogramme mit scharfen Haltepunkten 
erhalten, aus denen die Neutrahsationswarmen ermrttelt wurden. Die 
Neutrahsatlonswarmen m den verwendeten Medien wurden verghchen 
und em auf Wasserstoff bindung zuruckzufugrender Effekt gefnnden. 

R&arm&On a trtre thermometrrquement quelques acides mono et 
diprotiques avec des alcahs forts en mtheux aqueux et non aqueux. 
On a obtenu des thermogrammes avec des points d’arr& nets, a 
partrr desquels on a mesure les chaleurs de neutralisatton. On a 
compare les chaleurs de neutrahsatron dans les miheux utrhses et 
l’on a trouve une mtluence attribuable ii la harson hydrogene. 

REFERENCES 

1. H. J. Kelly and D. N. Hume, Anal Chem., 1964,36,543. 
2. E. Popper, L. Roman and P. Marcu, Talunfu, 1967, 14,1163 
3 C. J. Qurlty, Anal. Chem., 1967, 39, 666. 
4. Handbook of Chemistry and Physzcs, 46th Ed , The Chemical Rubber Co., Ohro, 1965. 
5. J. Jordan and T. G. Alleman, Anal. Chem., 1957,29,9. 
6. G. J. Ewmg and C. J. Mazac, zbzd., 1966,38,1575. 
7. F. R. Bichowsky and F. D. Rossmi, Thermochemzstry of Chemical Substances, 1st Ed , Reinhold, 

New York, 1936. 
8. H. S. Harned and B. B. Owen, Physical Chemzstry of Electrolytzc Solutzons, 3rd Ed., p. 667. 

Remhold, New York, 1958. 
9 H. J. V. Tyrrell, Taluntu, 1967, 14, 843. 

10. J. Jordan and W. H. Dumbaugh, Anal Chem., 1959,31,210. 
11. G. H. Harlow and D. B. Bruss, zbzd., 1958, 30, 1833. 
12. Zdem, Ibid., 1958, 30, 1836. 
13. A J. Shulgm and H. 0. Kerhnger, J. Org Chem., 1960, 25,2037. 



Talanta, 1968. Vol 15, pp 1353 to 1357. Pergamon Press. Prmted III Northern Ireland 

ANALYTICAL APPLICATIONS OF TERNARY 
COMPLEXES-VI* 

SPECTROPHOTOMETRIC DETERMINATION OF TRACE 
AMOUNTS OF PALLADIUM 

R. M. DAGNALL, M. T. EL-GHAMRY and T. S. WEST@ 
Chemistry Department, Imperial College, London, S W. 7. 

(Recewed 29 February 1968. Accepted 15 May 1968) 

Summary-Extremely sensltlve and specdic colour reactions in both 
aqueous and organic solutions are descrrbed for the spectrophotometnc 
determination of palladmm(I1) ions. The methods are based upon 
ternary complex formation with l,lO-phenanthrolme or pyridme, and 
Rose Bengal Extra. The molar absorptlvltles are 5 x 10’ (aqueous) and 
1.25 x lo6 (organic) 111 the presence of a lOOO-fold molar excess of 
EDTA as mass masking agent. Under these condltlons there 1s 
neghglble mterference with the pyrldme-Rose Bengal Extra system 
from the 22 cations (including sliver, gold and platmum) and seven 
anions mvestlgated. Both colour reactions take place withm 15 mm 
and the complexes are stable for long periods. 

THE Importance attached to the determination of the noble metals is reflected m the 
very large number of methods described in the hterature, especially for palladmm. 
Many review articles assess the various methods and enable the analyst to select the 
most appropriate, e.g., that by Beamishl in 1965. He concluded that the majonty of 
methods proposed dealt with improvements in selectivity towards palladium. Molar 
absorptivlties below 5 x lo4 are commonplace, and values as low as 1600, e.g., with 
dlmethylglyoxlme,2 are to be found. Those methods with attractive sensitivities 
usually suffer from quite serious interferences. For example, the p-dlmethylamino- 
benzylidenerhodanine*4 and 2-nitroso-1-naphthol-4-sulphonic acid6 procedures are 
subject to interference from cobalt, nickel and the other noble metal%. In addition, 
cyanide and iodide interfere with the former, and iron and chromium with the latter. 
The most sensitive method described to date utilizes p-ndroso&phenylamine.6*7 
Ryan6 obtained a molar absorptivity of 6.5 x 104, using chloroform as an extractant. 
Oxidizing agents, gold and small amounts of platinum and iodide interfere.8 
p-mtrosodimethylanilineg yields a similar sensitivity and the colour development in 
this instance is instantaneous. However, the former reagent can be used over a wider 
concentration range and is, therefore, preferred in practice. 

More recently, in 1967, Sen GuptalO described the use of arsenazo III for the 
spectrophotometric determination of palladium and reported a molar absorptivity 
of 1.26 x 105. The procedure mvolved evaporation of the complex to dryness on 
a steam-bath and dissolution of the residue. Colour development required ca. 1 hr. 
Other workers,ll however, reported that the molar absorptivities of the palladmm(II)- 
arsenazo III complexes were only ca. 4.2 x lo4 and 1.6 x lo4 at 630 and 620 nm 
respectively. They also found that the method was subject to interferences from 
copper, cobalt, nickel, thorium, uranium and the rare earths. These same workers12 

* Part V, Tduntu, 1968, 15, 107. 
@ Address for reprmts. 
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therefore proposed and synthesized a new and more selective reagent for palladium, 
known trivrally as “palladlazo” [2,7-bis-(Cazophenylarsono)-l,&dlhydroxynaphtha- 
lene-3,ddisulphonic acid]. The molar absorptrvities were 3.3 x 104 and l-7 x lo4 
at 540 and 635 nm respectively. Brsmuth, cerium, lead and the rare earth elements 
still interfered. 

In our study of ternary complex formation, we have found that the palladium(I1) 
ion may be determined with advantage by using ternary complex systems similar to 
those described prevrously in this series. 13-17 The only other instance of ternary 
complex formation involving palladium and known to us & that described by Forsythe, 
Magee and Wrlson. ls*10 This method utilizes the [Pd(pyridine)J2+[(SCN),]” complex 
and 1s one of the most selectrve methods for palladium because It allows its determina- 
tion m the presence of the other noble metals. However, the sensitivity of this reaction 
is rather low. 

Colour reactron 

EXPERIMENTAL 

The addmon of many brvalent Ions to a near neutral aqueous solutron of l,lO-phenanthroline and 
Rose Bengal Extra (RBE) produces a change in the wavelength of maxrmum absorptron from 
535 to 575 nm.14J5 The small wavelength shaft IS compensated for by the sharpness of the absorption 
bands. Palladium gives such a colour reaction with a molar absorptrvity of ca. 5 x 10’. The use of 
pyridme instead of l,lO-phenanthroline does not produceany colourchange withpalladmm m aqueous 
solutron, but rt does give rise to a stable chloroform-extractable species wrth a maximum wavelength 
of absorptron at 570 nm. In near neutral solutron the excess of dyestuff 1s not extracted and the 
molar absorptivity is 1.25 x 106. Similar reactions are given with other anionic dyestuffs, e.g , 
Bromophenol Blue and Bromopyrogallol Red, but the sensrtrvrty 1s not as high. Erythrosm may be 
used m place of RBE wrth only a slight loss m sensmvity 

The mechamsm of these colour reactions, which probably mvolves the productron of micelles, 
will be the subject of a further communication. po However, both reactions involving RBE were 
exammed m more detail because of the need for very sensitive colour reactrons, partrcularly in aqueous 
solution. 

Effect of pH 

The reaction m aqueous solutron with l,lO-phenanthrolme gave maxrmum colour development 
over the oH ranee 5-6-5. The absorbance was measured at 575 nm against a similar solution. which 
contamed no pa&dmm(II) ions. 

” 

Similar solutions contaming pyridine instead of l,lO-phenanthrolme were extracted with 25 ml of 
chloroform. In this instance the pH of the aqueous phase for maxrmum absorbance at 570 nm was 
more sharply defined as pH 7 5-8. 

Tune for colour development 

The reactron m aqueous solutron took place mstantaneously and the product was stable under 
normal laboratory conditions for at least 48 hr. Maximum colour development of the extracted 
palladmm(II)-pyrrdme-RBE required about 15 mm after extraction into chloroform. Thecomplex was 
stable for at least 5 hr. In both instances the order of reagent addition was unimportant. 

Examination of interfaces 

Smce RBE does not contam an arrangement of groups suitable for the formation of metal 
complexes, interferences may be expected only from those ions which form complexes with l,lO- 
phenanthrolme. Experience has shown that most of these ions can be masked with EDTA,l* 
and provided that the resultmg complexes do not absorb appreciably at 575 nm then there should be 
neghgrble interference m the colour reaction with Rose Bengal Extra. It was established that a 
lOOOO-fold molar excess of EDTA over palladmm caused no interference and was capable of masking 
effectrvely a lo-fold molar excess of Au(III) and Pt(IV). 

A more detailed examination was carned out wrth the palladmm(II)-pyndm*RBE complex by 
extracting the ternary complex and measurmg the absorbance at 570 nm Table I shows the results 
obtamed for 22 cations and 7 anions. Of those Ions capable of bemg masked with EDTA, only gold 
(m lOO-fold molar excess) interfered; however, a lo-fold excess of gold caused only a 2% change m 
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absorbance and was considered not to interfere. The other ions tested all gave less than 5 % change 
m the absorbance (i.e., less than twice the relatrve standard devration). Silver was masked by the 
excess of chloride ion present m the palladium(E) chloride solutron and not by the EDTA. 

Ion added 

TABLE I -INTERFERENCE STUDY 

Molar excess over Absorbance 
palladmm (DS. blank) at 570 nm Devratron 

Pd(I1) (standard) 

-% 
Al 
AUOII) 
Ba 
Ca 
Cd 
Co(B) 
CuCII) 
Fe(iIi) 
Hg(II) 
K 
La 
Ll 

Mg 
Mn(I1) 

i%(V) 
Nl 
Pb 
Pt(N) 
V(v) 
Zi 
Cl- 
ClO,- 
COs’- 
F- 
HPOa”- 
NO*- 
SOAe- 

100 
loo 
100 
100 
100 
100 
100 
100 
100 
100 

1000 
100 
100 
100 

1Z 
100 
100 
100 
100 
100 
100 

1000 
100 
100 

1000 
IO000 

100 
100 

0.505 

0510 

0.535 
0.500 

0.520 

0.540 
0 515 
0.500 

0 495 
0 530 

Q-495 

0.502 
0.500 
0.510 
0.502 
0.510 
0.500 
0 485 
0.520 
0.517 
0.492 
0.495 
0 490 
0.502 
0510 
0.500 
0500 
0.505 
0.530 
0 490 

$0 030 
-0m5 
-to.035 
+0*010 
-0m5 
f oaO5 

-0*010 

-i-o.015 

-I- 0.025 

-0.010 

-0aO3 
-0aO5 
+0005 
-0aO3 
+0005 
-0aO5 
- 0.020 
+o 015 
+0*012 
-0.013 
-0~010 
-0 015 
-0*003 
+ 0~005 
-0GJ5 
-0.005 

OGOO 
+0 025 
-0*010 

Beer-Lambert law 

Under the estabhshed optimized condrtrons, hnear cahbratron curves were obtamed from l-20 
ppm for the aqueous palladium(E)-l,lO-phenanthroline_RBE complex and from 0.2-10 ppm for 
the extracted pyrldine complex. The respectrve molar absorptrvities were 5 x 10’ at 575 nm and 
at 1.25 x lo5 570 nm. The relative standard devratrons for 10.67 pug of palladium were 1.4% and 
2.4% for the (l,lO-phenanthrolme and pyridme systems respectrvely. 

Nature of complex 

By analogy with sun&r studresl*+ the complex m aqueous solutron 1s most probably (Pd-phen,)*+ 
RBE*- (i.e., l-2.1). The purtty of Rose Bengal Extra is not suthciently hrgh,l& however, to allow an 
accurate determmation of the reagent ratros by the usual methods. A thorough study of thus type of 
reactron and the colour changes involved wrll be gtven later.80 

The ternary complex with pyndme is a relatively new system, however, and was consrdered m 
more detail. The results may be summartzed as follows. 

(a) Mole-ratio studies of the Pd(II): pyndme ratio m presence of excess of RBE under optrmum 
condrtrons gave steaddy mcreasing absorbance readings up to a ratro of 1.10000. This suggests weak 
complex formatron. There were no observed breaks m the curve. 

(b) A Job plot for a constant total molar concentration of palladrum(II) and Erythrosin (1 e , 
tetrarodofluorescein of known purity) in presence of excess of pyndme indrcated a ratro of 1 1 as 
predicted by theory. Thrs closely related dyestuff was used m place of RBE because a pure sample of rt 
was available. It gives a colour reaction with palladium and pyrrdine simrlar to that with RBE, but a 
shghtly lower sensitivity. A disadvantage IS that it gives a much higher blank value than RBE and IS 
less sensmve m aqueous solution. 
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We conclude that the extracted complex 1s [(Pd-py3a+ RBE2-] or [(Pd-pypP+ RBEe-1, z.e., 
1 2 1 or 1 4 1 In view of the 6ndmgs of other workers, mvestrgatmg the palladmm-pyrrdme- 
throcyanate complex, 18~20 the more hkely ratio 1s 1 2 1. 

Reagents 

PuZZudzum(I1) chlorzde, 10-eM. Drssolve 0 8805 g of palladmm(I1) chloride m 10 ml of concentrated 
hydrochlorrc acid and dilute to 500 ml with distilled water. Standardize the solutron by adding 
excess of EDTA and back-trtratmg with standard zmc solution, usmg Xylenol Orange as indicator. 
Dilute the solution as required 

IJO-Phenanthrolme, lo-*M. Dissolve 0 991 g of l,lO-phenanthrolme hydrate in 500 ml of drstrlled 
water. 

Pyrzdme, 10 % w/v aqueous solution. 
Rose Bengal Extra, 2 x lo-*M. Drssolve 0 1018 g of RBE m 500 ml of drstrlled water. 
EDTA, 0 1M 
Acetate bz@r solutzons, pH 6 and pH 8 

Procedures 

Aqueous solutzon (l-20 ppm). Place the sample [equivalent to l-20 ml of 10-6M palladium(H)] 
in a 50-ml volumetnc flask and 1 ml of 10-ZM 1.10~ohenanthrolme. 1 ml of 0 1M EDTA. 2 ml of 
pH 6 acetate buffer and 5 ml of 2 x lO+M Rose B&gal Extra. Dilute to the mark wrth distilled 
water and measure the absorbance at 575 nm m a l-cm cuvette agamst a reagent blank. 
cahbratron curve covermg the range l-20 ml of lo-KM palladium. 

Prepare a 

Extractzon method (0 2-10ppm). Transfer the sample correspondmg to 2-5 ml of 10-6Mpalladmm 
(or l-10 ml of 10-5M for higher ranges), 1 ml of 10% pyndine solution, 2 ml of pH 8 acetate buffer, 
1 ml of 0 1 M EDTA, 5 ml of 2 x 10-&M Rose Bengal Extra and sufficient drstrlled water to give a 
volume of about 20 ml, mto a lOO-ml separatmg-funnel. Add 15 ml of chloroform, shake for ca 1 mm 
and, after a further 15 mm, transfer part of the organic phase mto a clean dry l-cm cuvette and measure 
the absorbance at 570 nm against a reagent blank. 

CONCLUSIONS 

The methods proposed are simple, rapid, and sensitive. Both compare very 
favourably with most of the published methods for the determination of palladmm, 
and they can certainly be classified amongst the most sensitive published methods. 

Although the nitrosodlmethylanilme and the p-nitrosodiphenylamine methods are 
the most sensitive methods to date, both suffer interferences from cobalt(II), gold(III), 
iron(III), iridium(W), mckel(II), platinum(IV) and rhodmm(III), neutral salts, and 
oxidizing and reducing agents.s 

In the proposed l,lO-phenanthroline-RBE method the colour is formed in- 
stantaneously and remains stable for more than two days under normal laboratory 
conditions. The procedure can tolerate small amounts of gold(I11) and platinum, 
I.e., up to lo-fold molar excess over palladium(II), by use of EDTA as a masking 
agent. 

The pyridine-RBE method is extremely sensitive (molar absorptivity 1.25 x 105) 
and selective. Palladium(I1) ions can be determined in the presence of loo-fold molar 
excess of 22 other cations if EDTA is used. Seven common anions, carbonate, 
chloride, fluoride, phosphate, nitrate, perchlorate and sulphate, were found not to 
interfere. 

Zusammenfassung-Extrem emntindhche und snezrfische Farbreaktro- 
nen m w%5rrgen und orgamsch& Losungen weiden zur spektrophoto- 
metnschen Bestrmmune von PalladmmO-Ionen beschrreben. Die 
Methoden bruhen auf d& Brldung ternarer Complex mrt 1 ,lO-Phenan- 
throlm oder Pyndm und Rose Bengale Extra. Die molaren Extmkttons- 
koeI%zrenten smd 5 lo4 (m wal3rrger Losung) und 1,25-lo6 (in organ- 
rscher Losung) in Gegenwart emes lOOO-fachen molaren Uberschusses 
von EDTA als Maskrerungsmrttel Unter dresen Bedmgungen smd 
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Storungen des Systems Pyrldm Rose Bengale Extra durch die unter- 
suchten 22 Katlonen (darunter Sllber, Gold und Platm) und 7 Amonen 
vemachlassigbar. Belde Farbreaktlonen finden in 15 Mmuten statt; 
die Komplexe smd uber langere Zeltraume haltbar. 

R&urn&On d&nt des r6actlons color&s extrsmement senslbles et 
sp&fiques tant en solutions aqueuses qu’orgamques pour le dosage 
snectronhotom&riaue des ions nalladium(H). Les methodes sont 
b’as&s ‘sur la form&on de complexes tern&s avec la l,lO-phbnan- 
throline ou la pyrldme, et le Rose Bengale Extra. Les coefficients 
d’absorptlon mol6culaue sont 5 x lw (aqueux) ou 1,25 x lo5 
(orgamque) en la presence d’un ex& 1000 fois molalre d’EDTA 
comme agent de dlsslmulatlon de masse. Dans ces condltlons, avec le 
systeme pyrldme-Rose Bengale Extra, l’mterfbrence des 22 cations 
(comprenant l’argent, l’or et le platme) et des 7 amens Btudi& est 
nbghgeable. Les deux r6actlons color&s se produisent en 15 mn et les 
complexes sont stables pendant de longues pbriodes. 
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Summary-The ternary complexes which are formed when surface- 
active agents are added to various metal-dyestuff chelate systems are 
shown to be dependent on the formatron of micelles. Spectra 

P 
hoto- 

metric measurements indicate that true ternary complexes are ormed 
wrth well defined structures and that the changes in absorption spectra 
produced are not due to simple adsorption of the binary metal-dye 
complex onto mice&r aggregates. Some suggestions are made to 
account for the nature of the observed changes. The analyttcal 
potenttahtres of thrs type of system are illustrated by the formatron of 
such complexes between molybdenum or antunony, Catcchol Vrolet 
and cetyltrimethylammonium bromide, yreldmg molar absorptrvities of 
4 6 x 1oP and 3 0 x 1oL respectively. 

FOR a number of years we have been concerned with increasing the sensitivity of 
molecular absorptron spectrophotometry (MAS) as a means of achieving trace metal 
determination. The “natural” sensitivity of MAS is limited both in practice and theory 
e.g., the minimum measurable absorbance is about 0402, and the maximum molar 
absorptivity is about 105, and MAS is less sensitive than molecular fluorescence 
spectrophotometry (MFS). It has been our aim to develop a highly sensitive general 
reaction mechanism for determination of many elements by MAS. Our approach 
towards achlevmg selectivity has been largely through the use of mashing agents and 
solvent extraction. 

We have concentrated on the use of ternary systems in which one of the components 
is a strongly absorbing dyestuff molecule. The sensitivity of the colour reaction is then 
largely due to the dyestuff molecule, which may have a molar absorptivity approaching 
105. In addition, because of the nature of the dyestuff molecule, some of the methods 
have been well suited for MFS. 

The first type of complex developed by us was the ion-association system of a 
metal-l,lO-phenanthrolinmm cation coupled to the anion of a dyestuff such as 
Bromopyrogallol Red (BPR). I** Later we preferred dyestuff molecules without 
complexing centres, such as tetraiodo(R)tetrachloro(P)fluorescein (Rose Bengal 
Extra).3*4 In both instances a bathochromic shift occurs in the absorption maximum 
of the reagent on complex formation. With BPR the change is from 560 to 635 nm 
and there 1s negligible interference from the reagent because the absorption bands are 

*Part VI-Tuhta, 1968, 15, 1353. 
f’ Present address-Chemistry Department, Umversity of Connectsut, Storm., Corm., U.S.A 
@ Address for reprints 
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narrow. With Rose Bengal Extra (RBE), however, the change is only about 30 nm 
(540 to 570 nm) and so it is better, for analytical purposes, to extract the complex 
into organic solvents and leave the unreacted organic dyestuff in the aqueous phase. 
This extraction is favoured by the carboxyhc acid group in RBE. On the other hand, 
the BPR ternary complexes, which contain a sulphomc acid grouping, can only be 
extracted into nitrobenzene. 

The physical nature of both ternary complexes is similar; they precipitate from 
aqueous solution if left overnight or if concentrated solutions are used, and have 
definite molecular ratios in both the aqueous and organic phase. The first factor, 
together with the fact that the colour changes in aqueous solution were those obtained 
when the dyestuffs were used as adsorption mdicators, suggested that the reaction 
mechanism might be via adsorption of the dyestuff molecule onto a precipitated 
species involving the metal-phenanthrohne complex. However, the definite molecular 
ratios and the ease of extraction suggest a somewhat different mode of reaction. The 
colour changes alone suggest that something other than simple ion-association is 
involved. 

More recently we have used binary metal ion complexes of organic dyestuffs such 
as Catechol Violet, “sensitized” by the addition of the long-chain cationic surfactant 
cetyltrimethylammonium bromide (CTAB).5 This mode of reaction is considered by 
us to be more generally apphcable and one of the most sensitive methods available 
for the absorptiometric determination of many metal ions. A certain similarity in 
behaviour was noted between these systems and the ternary complexes previously 
described. In view of their analytical potential we have, therefore, made an attempt 
to define the reaction mechanisms and then assoctated colour changes. 

Somewhat similar systems have been described by other workers. Ma%@ has 
utilized the “partial” sensitization of the tm-Catechol Violet complex with gelatin as 
a method for the determination of tm. He gave no indication of the reaction mechan- 
ism, and we have found that the use of cetyltrimethylammonmm bromide is superior.5 
Malat has since extended the reaction to include the determination of indium’ and 
trtanmm.* Svoboda and Chromj; - g l1 have described the use of Xylenol Orange in 
conjunction with long-chain surface-active agents as a general colour reaction for 
many metal ions. This particular reaction is different in principle from that described 
here, m that the purple-red alkaline (pH 10.5) solutions of Xylenol Orange are 
decolorized by the addition of cationic long-cham quaternary salts, and the addition 
of metal ions such as calcium, zmc and manganese restores the origmal reagent 
colour. Only m a few instances, e.g., with lanthanum, is there a bathochromic shift 
and production of a new colour body. The formation of m&cellar aggregates was 
suggested to be responsible for the changes, although no experimental evidence was 
presented in support. The mechamsm involving the colour change was considered 
only in terms of a supposed adsorption phenomenon. The authors indicate that the 
theory is mcomplete and they presented the system as a means of determining com- 
plexometrically such ions as calcium and magnesium with an mdicator which is not 
normally applicable. The principal disadvantage of this type of system is that it 
operates in highly alkaline solution where precipitation of many metal ions takes 
place. Because the reaction involves adsorption, the presence of precipitates will 
produce interfering effects. Also, this particular reaction was found to be highly 
susceptible to the effects of several anions. 
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Reaction mechanism 

The importance of micelle production m the formation of ternary complexes was 
investigated first. The tin(W)-Catechol Violet-CTAB system was selected for this 
study as it was the only system which utilized a well defined surfactant. 

Preliminary investigations indicated that the presence of micelles is necessary in 
this type of system because the colour IS not formed with quaternary ammonium 
salts such as tetraethyl- and tetrabutylammonium bromide. These compounds are 
not surfactants and hence do not produce micelles. In addition, it is known that 
acid-base indicators in the presence of micelle-forming substances may undergo a 
change similar to that produced on formation of a ternary complex.12*13 

To examine the effect of micelle formation it IS necessary to determine the critical 
micelle concentration (CMC) of the surfactant used. (The CMC may be defined as 
the minimum concentration of surfactant at which micelles are formed.) The simplest 
and most widely used method uses the marked colour change which occurs in solutions 
containing surfactant and a suitable dyestuff of opposite charge, when the concen- 
tration of surfactant reaches the CMC .12 This colour change can be observed either 
visually or instrumentally13 during the titration. 

Eosin and fluorescein have both been used for determining the CMC for cationic 
surfactants12 and we have used the closely related dyestuff RBE in view of its previous 
use. 

The CMC was determined in the following manner: an aliquot of RBE was 
transferred mto a lOO-ml flask and diluted to about 90 ml. Various amounts of CTAB 
were added until the range over which the colour change occured was found. This 
was determined visually to be when the concentration of CTAB wasabout x 10-6M. 
A series of solutions was then made up in 100~ml flasks with 1 ml of lOAM RBE and 
l-5 ml of 1O”‘M CTAB. The absorbances of the diluted solutions were measured at 
570 nm (the absorbance maximum of the surfactant-dye salt) in l-cm cuvettes 
against a blank containing no CTAB. The results were plotted as the rate of change 
in absorbance with concentration and are shown in Fig. 1 curve a. The curves b and c 
were prepared in a similar way, but with 2 ml and 4 ml of lWit4 RBE respectively. 
From these results, it can be seen that the CMC (the point at which dA/dv is maximal) 
is indeed when the concentration of CTAB is 4 x lO*M. 

This procedure was repeated with 2.5 ml of 1O-4M tin(W) and 5 ml of 10-4M 
Catechol Violet instead of RBE, z.e., the 1: 2 tm-Catechol Violet complex.6 The 
solutions were adjusted with sulphuric acid to pH 2, diluted to the mark with distilled 
water and the absorbances measured at 660 nm. The results (Fig. 2) show that 
maximum rate of colour change is again obtained at the point at which the CTAB 
concentration is 4 x 10-6M. Thus, it can be seen that the formation of micelles 
appears to have an important effect on complex formation. 

Additional work was carried out with an aqueous acetone medium, which has 
the effect of raismg the CMC. This enables a concentration of CTAB to be used such 
that the colour change through the CMC is more easily observed. The CMC of 
CTAB was determined in a similar manner for various concentrations of acetone m 
water. A 30% v/v acetone-water medium gave a CMC of 10-4M. As before, the 
ternary system first began to form appreciably when the concentration of CTAB 
reached the CMC, z.e., at 1O”‘M. 

It was noticed that m aqueous acetone media the order of addition of the reagents 

4 
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CTAE, ml 10d4M 

FIG. l.-Determmatron of CMC of CTAB wtth Rose Bengal Extra 
(a) 1 ml of lo-* Rose Bengal Extra 
(b) 2 ml of lo-& Rose Bengal Extra 
(c) 4 ml of lo-* Rose Bengal Extra 

All solutions were drluted to 100 ml wrth distilled water and absorbance measure- 
ments were made at 570 nm 

CTAB, mC 10v4 M 

FIG. 2.-Determination of CMC of CTAB wrth the tin(N)-Catechol Vrolet complex. 
Solutrons prepared by dduting 2.5 ml of 10-4M Sn(IV), 5 ml of lOAM Catechol 
Vrolet, and CTAB (l-5 ml of 1O-41K) at pH 2 with distilled waterto 100 ml Absorbance 

measurements made at 660 nm. 

was very important. When the CTAB was added to the tin(N)-Catechol Violet 
complex before the acetone (i.e., if the ternary system is formed before the micelles 
are destroyed by the acetone) the ternary system was not destroyed on subsequent 
addition of acetone. 

The conclusion drawn from this is that it is necessary to form micelles to obtain 
the system but, once they have been formed, the surfactant concentration can fall 
below the CMC without unduly affecting the system. Thus, the CMC is also a 
critical reaction concentration below which little or no complexation occurs. 
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Further investigations have shown that a number of other elements, namely 
ahuninium, antimony, bismuth, gallium, indium, molybdenum, titanium, tungsten 
and zirconmm undergo similarly controlled colour reactions with Catechol Violet and 
CTAB. 

Nature of compIex 

The possibility exists that the binary metal-dyestuff chelate could be adsorbed 
onto the micellar aggregates and the colour change could thus result from interactions 
with the micelle. Alternatively, the binary chelate could form a true ternary complex 
with the surfactant in so far as a meaningful whole number of molecules of surfactant 
mrght be assocrated with one molecule of the binary chelate. In the first case the 
molecular ratio of chelate to surfactant would not be fixed or particularly meaningful. 

The molecular ratio of the tin(N)-Catechol Violet-CTAB system was determined 
by photometric titration and Job plots to be 1:2:4. The corresponding molybdenum 
complex of Catechol Violet and CTAB gave a ratio of l-1 : 2. It was thus established 
that these complexes are of definite composition. 

It was also found that some of the complexes, uiz., with molybdate, tungstate and 
antimony, can be extracted into organic solvents such as chloroform even if the 
quaternary ammonium compound is not a surfactant and does not produce a ternary 
complex in aqueous solution. However, for a given concentration of quaternary 
ammonium salt, the degree of complex extraction falls with the size of the organic 
molecule, i.e., the degree of extraction is in the order CTAB > tetrabutylammonium 
bromide > tetraethylammonium bromide. 

The conclusions to be drawn from these results are as follows: the complexes are 
formed by an ion-association of the quaternary ammonium grouping with the metal- 
dyestuff chelate. In aqueous solution this only occurs when micelles are formed, that 
is when a sufficiently high local concentration of the quaternary ammonium grouping 
is obtained. The extraction of the complexes into organic media may be accomplished 
m the absence of micelles because the low dielectric constants of the organic media 
promote the formatron of ion-association systems. 

It is possrble to account for the reaction mechamsm of the cation-l,lO-phen- 
antholine-anionic dyestuff systems [e.g., (Ag+-phen,),BPR2-] in a similar manner. 
Both types of complex exist as finely dispersed precipitates in aqueous solutions and 
may be extracted into various organic solvents. Furthermore, the colour changes 
observed with the same dyestuff are very similar in both types of complex. However, 
in the dyestuff systems it may be the cation-l,lO-phenanthroline species which 
supplies the micelles. This was investigated, as described previously, using the fairly 
typical 1: 2: 1 Cu(II)-1 ,lO-phenanthroline-RBE complex.s If the Cu(II)-1 ,lO-phen- 
anthroline complex forms micelles, there must be a CMC below which the RBE will 
not associate with it and, therefore, will not undergo a colour change. However, 
attempts to determine the CMC in aqueous solution were unsuccessful because if it 
exists it does so at too low a concentration (< 10-8M) to be detected. This may 
account for the high sensitivity of this type of reaction.3 

Nature of colour change 

In the light of the information above the following suggestions may be made to 
explain the colour changes which occur on formation of the ternary complexes. 
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The colour of triphe~ylmethane dyestuffs of the type used in this study 1s due to 
resonance in the resorcinol portlon of the molecule. In general the phenyl group 
takes little part in the transltion. l4 The ternary colour reaction could, therefore, 
arise from short-range electrostatic mteractlons involving the charged micelles and 
the resorcmol part of the dyestuff molecule. Alternatively, and more probably, a 
charge transfer reactlon IS responsible for the observed colour changes. The fact that 
the colour changes observed for different metals with the RBE-1 ,10-phenanthroline 
system were virtually identical3 presents little difficulty since the chromophore of the 
system is the RBE molecule. Moreover, the metal ton is primarily associated with 

+ 2 (A9 Phen2]+ 

9-4 0‘ -0 n+ 
[Ag PhenAO 
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O[Ag Phen,] 
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FIG. 3.-Reactjon mechamsm of silver-l,lO-ph~~t~o~e-Br~mopyro~liol Red 
complex. 

phenanthroline molecules in a purely co-ordinate bonding arrangement, and 1s thus 
unlikely to exert much influence on the RBE molecule. Even if this were not so, and 
the metal ion were directly bonded to the chromophoric molecule itself, its nature 
would scarcely effect the colour changes to be expected, as has been discussed else- 
where.15B16 This is shown by the metal ion-Catechol Violet-CTAB system where the 
metal ion is directly bonded to the dyestuff through the latter’s vicinal hydroxy 
groups. 

In the silver-l ,lO-phenant~o~ne-Bromop~o~allol Red complex the 560 + 
635 nm shrft in wavelength of mammum absorption may be explained on the basis 
that the BPR ion associates with two blsphenanthrolinium silver(I) ions.ls2 The 
sliver does not react directly with the hydroxy groups of BPR, since no proton release 
occurs during the reactton. Now the absorption maximum of the fully Ionized BPR 
molecule is ca. 630 nm. Apparently, therefore, the association of the two bisphen- 
anthrohnmm silver Ions produces a change in the BPR molecule which is closely 
allied to release of the available strongly bonded protons (Fig. 3). 

This may be viewed as transfer of an electron from the lomzed phenolic groups to 
the bisphenanthrolinium silver ions, thus weakening the bonding of the last protons. 
The aromatic chromophore thus assumes a form closely simdar to that of the fully 
ionized BPR molecules. The absence of evidence of proton release does, however, 
indicate that only a charge transfer is involved, not complete physical removal of the 
protons. It 1s also easy to see, therefore, why this bulky uncharged species precipitates 
from aqueous solution and may be extracted into mtrobenzene. 
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In the tin(N)-Catechol Violet-CTAB system it is clear that the cation is initially 
bonded to the chromophore through the hydroxy groups and that the ion-associating 
species is the eationic CTAB molecule. Clearly, here, the CTAI3 cation is unlikely to 
react with the 1:2 Sn-Catechol Violet chelate at the metal co-ordinating centre and 
will, therefore, form its ion-association with the binary complex primarily via the 
sulphonic acid group on the phenyl ring. Electrophilic reaction of the quaternary 
ammonium group at this centre can promote electron-withdrawal from the remaining 

//.l./i 2 N+KH,)3 R 

c 
403 N 04313 R 

& 

/ 

0 ’ 
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0‘ 0. P 
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N+lCH,), R 

FIG. 4.-Reaction mechanism of tm(IV)-C&echo1 VloIet~etyltrlme~y~~o~m 
brormde complex. 

phenolic groups in the red-purple 1:2 Sn-Catechol Violet complex, along the con- 
jugated bond system as shown m Fig. 4, thus allowing ionization of the remammg 
protons to produce an absorbing species simrlar to that of the btue fully ionized 
Catechol Violet molecule. The resulting ternary complex may further associate with 
another two CTAB cations to produce an easily precipitated, neutral solvent-extract- 
able species with 1:2:4 molecular proportions of tm, Catechol Vrolet and CTAB. 
The scope of this latter type of system, viz., metal-dyestu&surfactant is large. Many 
existmg spectrophotometric procedures could be adapted to use ternary complexes 
and so give increased sensitivity of reaction. Furthermore, the use of ternary com- 
plexes as indicators in visual t&rations should prove very useful and give a more 
distinct end-point because of the relatively large shift in the wavelengths of maximum 
absorbance, as demonstrated recently in this 1aboratory.l’ 

We have already described the analytical potentiality of the tm(IV)-Catechol 
Violet colour reaction5 which may be sensitized by cetyltrimethylammonium bromide 
to give a molar absorptivity of 95.6 x 103. The utihty of this type of reaction may 
also be demonstrated with the same system for two other elements for which there is a 
need for sensitive colour reactions, viz., molybdenum and antimony. 
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Molybdenum 

The number of s~~trophotometr~~ procedures for the deter~natlon of traces of 
molybdenum IS rather limrted. Probably the best known and most sensitive is based 
on the reduction of phosphomolybdic acid to molybdenum blue.‘* However, this 
frequently gives non-reproducible results and is not generally regarded as satisfactory. 

The sensitivities of a few recognised spectrophotometric methodslQ for molybdenum 
are listed in Table I, together with that for the ternary complex formed with Catechol 
Violet and ~tylt~methylammonium bromide. 

TABLE L-SENSITIVITIES OF SOME MOLYBDENUM COWUR REACTIONS 

Reagent Solvent Molar absorpttvity 

Thmcyanate 

Toiuene3,4-d&o1 

I-Hydroxyquinoline 

2.Ammo-4-chlorohenzenethiol 

Catechol VloletaAB 

dlethyl ether 

lsoamyl alcohol 

chloroform 

chloroform 

water 

2 x 104 

I.8 x 10” 

8 x lo8 

3.6 x 10’ 

4.6 x lo4 

The most recent notable colour reaction devised for molybdenum uses the reagent 
2-amino-4-chlorobenzenethiol.20 However, the water insoluble complex must be 
extracted into an organic solvent. 

Ternary complex characteristics. The addition of CTAB causes a shift m the 
wavelength of maximum absorption of a solutron of ammonium molybdate and 
Catechol Violet at pH 3-5 from 570 to 675 nm. Catechol Violet alone has an absorb- 
ance maximum at 440 nm over the same pH range. 

A 2.5-fold molar excess of CTAB and a 1.5-fold molar excess of Catechol Violet 
over molybdate ensures instantaneous maxlmum colour development. The order of 
leagent addition was not found to be important. 

The nature of the complex was lnvest~gated by continuous variation and slope- 
ratio plots and corresponded to a moIybdenum~at~ho1 Violet-CTAB ratio of 1: 1:2. 

Beer’s law was obeyed over the range g-6-96 ppm and the effects of 19 cations and 
10 anions are shown in Table II. Only those ions which might be expected to interfere 
were examined. The major interferences arise from elements which are known to 
form Catechol Violet complexes, especially those havmg a normal oxidation state > 
III. Lead interferes by pr~ipitating the molybdate, and chromate, iron(III), titan- 
ium(N) and vanadate produced turbid solutions. The addition of large molar 
excesses (e.g.,>lOOO-fold) of indifferent electrolytes also tended to cause some 
turbidity. 

Certam of these elements, e.g , aluminium, zirconium and gallium, could be 
masked at the lOO-fold molar excess level by the addition of a lOOO-fold molar excess 
of fluoride. ~u~niurn produces a similarly coloured complex though in Table II it 
appears not to interfere. Iron(II1) at this level could also be masked by reduction 
with ascorbic acid. General masking agents such as EDTA and CDTA broke down 
the complex. It 1s possible that a prior solvent extraction of molybdenum (e.g., as 
the thiocyanate) might result in better selectivity. 
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TABLE II.-EFFE(;T OF SOME INTERFERING IONS 
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Interference 
Molar excess Absorbance 

relatwe to MO at 675 nm Interference, % 

Al- 
Br 
Co(E) 
Cr (III) 
CW) 
Fe(III) 
Ga 
In 

Mg 
Mn 
Ni 
Pb 
Sb 
Th 
Ti(IV) 
VO 
WW 
Zn 
Zr 
Ascorbate 
Citrate 
Chromate 
Cyanide 
EDTA 
Fluoride 
Oxalate 
Tartrate 
Thiocyanate 
Tiron 

- 
200 
100 
100 
100 
100 
100 
10 

100 
100 
100 
100 
100 
100 
100 
100 
100 0 380 
100 0 024 
loo 
100 
100 
100 

1000 

1: 
1000 
100 

1g 
1000 

0 455 
0460 
0.370 
0 455 
0 380 
0 460 
0.355 -22 
0 650 +43 
0 490 
0438 
0 454 
0 438 
0040 
0 542 
0 480 
0 390 

0 438 
0.280 
0 455 
0 381 
0 275 
0 463 
0 124 
0 455 
0.420 
0 456 
0.455 
0 468 

- 
+1 

-19 
0 

-17 
+1 

.+8 
-4 

0 
-4 

-91 
+19 

6 
-14 
-17 
-95 

-4 
-39 

0 
-16 
-39 
-t-2 

-73 
0 

-8 
0 
0 

i-4 

Antimony 

As with molybdenum, there are few sensitive spectrophotometric methods avail- 
able for antimony. Perhaps the most sensitive is that between antimony and Bromo- 
pyrogallol Redzl which yields an extinction coefficient of 39.2 x 103 at 560 nm. The 
method involves measurement of a decrease in absorption at the reagent peak to 
attain maximum sensitivity. The addition compound formed between hexachloro- 
antimonate(V1) (SbCl,-) and Rhodamine B also yields good sensitivity (aylSnm = 
34 x 103) but involves oxidation to unstable antimony(V) and solvent extraction of 
the adduct from excess of Rhodamine B.as 

Ternary complex characteristics. The formation of the antimony-Catechol Violet 
complex is not accompanied by a distinct colour change as with molybdenum and tin. 
As observed previouslyzl for antimony and Bromopyrogallol Red, the colour reaction 
consists only of a slight broadening in the absorption spectrum of Catechol Violet. 
Addition of cetyltrimethylammonium bromide, however, produces a distinct colour 
change. If the Catechol Violet-CTAB ratio is >1 a blue complex (Q,, nm = 20 x 
103) is predominantly formed, but if this ratio is <l a red complex (+, nm = 30 x 
103) is formed. 
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The optimum pH for maximum colour formation of the red complex was ca. 6 
and it was found necessary to have at least a 5-fold molar excess of CTAB over 
Catechol Vrolet, which in turn must be in at least 2*5-fold excess of the antimony. It 
was also found possible to useEDTAasamassmaskingagent; theaddrtion ofa lOO-fold 
molar excess of EDTA reduced the molar absorptivity only to 28 x 103. Under these 
conditions a linear calibration curve was obtained over the range 6-l-61 ppm of 
antimony at 530 nm. The interferences in this method were exactly the same as those 
found by Christopher and WesP for the Bromopyrogallol Red system, viz., molyb- 
denum, niobium, tungsten, uranium and zirconium. Because of the possibility of 
two drfferent complexes exrsting together (Le., the red and blue complexes) it was not 
possible to elucidate the ternary complex structure by normal means such as con- 
tinuous variation plots, etc. 

However, under carefully controlled conditions the method provides a useful and 
sensitive reaction for antimony which may be operated in the presence of a wide 
variety of other metal ions if EDTA is used as masking agent. 

EXPERIMENTAL 

Ammonzunz molyba’ate stock solutzon Dtssolve 1 766 g of ammomum heptamolybdate tetrahydrate 
m 1 htre of dtstdled water. Dilute as required. 

Potasszum antzmonvl tartrate, 1O-8M. Dissolve 0 3249 g of reagent m 1 htre of distilled water. 
Dtlute as requtred. ’ 

Reagent solutzon. Prepared by dtssolvmg 0 232 g of Catechol Vtolet and 1.456 g of cetyltrt- 
methvlammomum brormde m 1 htre of dtstllled water. This solutton 1s ca. 6 x 10e4M in Catechol 
Viole? and 4 x 10-nikf m CTAB. 

Acetate bu$eu, pH 3 85. Prepared by drlutmg 114 ml of glacial acetic acid to 1 htre with dtstdled 
water and then adJustmg the pH to 3.85 wtth solid sodium acetate (pH meter control). 

Acetate bu@+, pH 5 8. Prepared by dissolving 20 g of ammomum acetate m dtstilled water, 
adlusting the pH to 5 8 with glacial acetrc acid (pH meter control) and ddutmg to 100 ml. 

Procedure for calibratzon curve 

Transfer l-10 ml porttons of the lOO-fold dtluted molybdenum or lo-fold diluted antimony 
solution, 5 ml of the mixed reagent solution and 10 ml of buffer solutton (pH 3 85 for molybdenum; 
pH 5.8 for anttmony) mto lOO-ml flasks and dilute to volume wtth water. Measure the absorbance 
at 675 nm for molybdenum or 530 nm for antimony m a l-cm cuvette against a reagent blank. 

Unknowns should be treated in the same way as solutrons used to prepare the calibration curve. 
EDTA can be used to mask most metal tons m the antimony determmatton 

Acknowledgement-We wish to thank the Bnttsh Welding Research Assoctation for a research grant 
m aid of this work. 

Zusammenfassan8-Es wird gezeigt, da8 dleBildungternarer Komplexe 
berm Zusatz oberflachenaktiver Agentten zu verschiedenen Metall- 
Farbstoff-Chelatsystemen auf Bildung von Mmellen beruhen. Spek- 
trophotometnsche Messungen zeigen, da8 sich wahre ternare Komplexe 
mit wohldetinierten Strukturen btlden und daD die beobachtbaren 
Anderungen m den Absorptionsspektren mcht auf einfache Adsorption 
des bmaren Metall-Farbstoff-Komplexes an mizellare Aggregate 
zuruckzuftien sind. Es werden eimee Vermutuneen tiber die Natur 
der beobachteten Arrdenmgen geau&rt. Die anr$ttschen Moglich- 
keiten dieser Art Systeme werden verdeuthcht am Betspiel der Bildung 
solcher Komnlexe zwischen Molvbdan oder Anttmon, Catechin- 
vtolett und ‘Cetyltrimethylammo&umbromid, wobei sich molare 
Extinktronskoethztenten von 4,6+104 bzw. 3,0*10’ ergeben. 
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R&nn~On montre que les complexes tematres qm se forment 
lorsqu’on aloute des agents tenstoacttfs a dtvers systemes chelates 
metal-mat&e colorante dependent de la formation de mtcelles. Des 
mesures spectrophotometrrques montrent que des complexes term&es 
vrais se forment avec des structures bien defimes et que les mod& 
cations dans les spectres d’absorptron products ne sont pas dues il une 
simple adsorption du complexe bmarre metal-colorant sur des agregats 
micellaires. On presente quelques suggestions pour mterpr6ter la 
nature des modifications observees. On illustre les possibilites 
analytiques potentrelles de ce type de systeme par la formation de tels 
complexes entre le molybdene ou l’antimome, le violet de cateCho et le 
bromure de c&yltrim&hylammomum, donuant des coeffictents 
d’absorptton molecularre de 4,6 x lo* et 3,0 x IO* respectivement. 
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DETERMINATION OF SILVER AND THIOUREA BY THEIR 
COMBINED INHIBITION OF INVERTASE* 
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Summary-Throurea has been found to enhance the mhrbitron of 
mvertase by srlver rons. The effect is apphed to the determmatron of 
1-5 x lo-‘M silver and of 10-7-10-gM throurea A mechamsm is 
suggested for the enhancement. 

T~IE ENZYME invertase @fructofuranosidease) catalyses the hydrolysis of sucrose into 
glucose and fructose. The inhibition of the enzyme action by traces of silver(I) and 
mercury(I1) has been applied in the determination of these metals at the lo-+J and 
1 O-‘M levels respectively .l Anions that bind strongly with these metals (cyanide, 
sulphide, iodide, etc.) compete with the enzyme for the metal ions, so that the in- 
hibition is diminished. This effect has been used in the determination of <lO-‘M 
cyanide or c 10-BM sulphide.2 Numerous other complexing agents such as histidme, 
methionine and reduced glutathione have also been found to reduce the inhibitory 
effect of si1ver.a However, of all the metal-binding species that have been examined, 
thiourea has a unique effect-it enhances the inhibitory effect of si1ver.i This paper 
describes the application of this effect to the determination of thiourea and of silver 
at levels lower than those measured previously.1 

RESULTS 

The effect of thiourea on the inhibition of invertase by silver at pH 5.5 is shown in 
Fig. 1. In the absence of thiourea, there is little inhibition by such small concentrations 
of silver because of the presence of silver-binding impurities in the enzyme preparation. 
Yet when lO*M thiourea is present, lo-‘M silver appreciably inhibits the enzyme, so 
that analysis for silver at the lo-‘M level should be possible. Figure 1 also shows the 
effect of silver plus thiourea on the enzyme at two different concentrations. The 
relative activity diminishes as the enzyme concentration increases, but proportionately 
more silver is required to deactivate the larger concentration of enzyme. This indicates 
that the amount of silver bound by the enzyme is not negligrble in comparison with 
the total amount of silver added, so that the stability and co-ordination number of the 
enzyme-silver complex cannot be evaluated accurately. However, plots1 of log 
(1 - R.A.)/R.A. vs. log [Ag+] (where R.A. is the activity of the inhibited enzyme 
relative to that of the free enzyme under the same conditions), shown in Fig. 2, are 

* Part I: Tulantu, 1968, 15, 747; Part II: Talunta, 1968, 15, 1477 (this issue) 
t Present address: B.P. (U.K.) Ltd., Epsom, Surrey. 
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straight lines w&h slopes 1.8 and 2-l for 1 ml and 2 ml of enzyme respectively, showing 
that about two silver ions are bound by each “site” of the enzyme. Furthermore, the 
intercepts on the log [Ag+] axis [= (log K+&/n] are about -6.6 for 1 ml of enzyme, 
and -6.4 for 2 ml of enzyme, so that when la = 2, mean log Kzae = -13. Kzag 1s 
the equllibrlum constant for the reaction 

2Ag+ + EH G+ Ag,E” + H+ 

where EH is the enzyme, 
The effect of various amounts of thiourea on silver mhibitron is given m Fig. 3. 

Apart from estabhshmg that >2 x lo-‘.&@ thlourea gives maximal enhancement of 

Aq concentrotton, IO-'M 

FIG 1 -&&b&on of lnvertase by Ag+ at pH 5.5 (a) 1 ml of enzyme, no thlourea; 
(b) 2 ml of enzyme, 10-W thiourea, (c) 1 ml of enzyme, IO-@&f thiourea. 

inhibition by 5 x 10-‘1)/1 silver, so that 10dM thiourea should beadequateinamethod 
for the determination of sliver up to this concentration, it also indicates that It should 
be possible to develop a method for the determination of <lO-‘M thiourea on the 
basis of Its enhancement of the inhibition of invertase by silver. Large amounts of 
thiourea (> 10*&Q however, reduced mhibltlon by silver. At pH 4.0, silver had no 
effect on invertase, whether thlourea was present or not. 

Eflect of other metals 

The effect of 10dM thiourea on the other metal ions known to inhibit mvertase was 
investigated. The results are summanzed m Table I. It was also found that 2 x 
10-5M thiourea reduced the inhibitory effect of lo-‘M mercury(I1) by 40 %. Thus, this 
concentration of thiourea only reduced or did not affect the inhibitory effect of these 
Ions. Small changes in thiourea concentration at the lO-6M level had no effect on the 
mlubitlon by silver (Fig. 3). Therefore, unless there is appreciable complexmg of 
thiourea with other metal ions, so that its effective concentration is much reduced, 
most metals that complex with thlourea ~111 not interfere sigmficantly in the deter- 
~natlon of silver. The direct interference of mercury(II) and of large amounts of 
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FIG. 2.-Determmatlon of the stab&y of enzymesdver complex from the data in 
Ag. 1. (a) 1 ml of enzyme, (b) 2 ml of enzyme. 
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Thmureo concentrotlon, lo-7M 

FIG. 3.-Effect of thlourea on the inhibition of mvertase by 5 X lo-‘M Ag+ at pHi5.5. 

TABLE 1 -EFFECT OF CATIONS ON INVERTASE ACTIVITY IN THE PRESENCE OF THIOUREA 

CatIon cwf Cde+ Pb2+ Zna+ uop [AM&]- 

Concentration (M) 1O-6 5x 1O-s 5x10-’ 14x IO-* 4x10-” 8x 10-7 4X10-6 8x 1O-6 
R.A. (no thlourea) 0.93 0 61 0 68 0.46 0 60 0.80 0 69 0.63 
R A (lO-BM thlourea) 0 95 0 61 0 68 0.46 0 61 0 80 0 69 0.78 

common metal ions was ehminated, as in the previous procedure,l by adding 1,2- 
diaminopentanetetra-acetic acid (DPTA) solution to the reaction solution. The 
relative activity of 1 ml of enzyme solution in the presence of 10-M thiourea and 
5 x lo-‘M silver rose from 0.088 in the absence of DPTA to O-095 when 104MDPTA 
was present, and to 0.350 when the DPTA concentration was 10-3~. The sensitivity 
in the presence of 103M DPTA was sufficient to enable l-5 x lo-7M silver to be 
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determined with an error of i-25 %. The standard deviation for the determmation 
of 10 samples with silver contents ranging from 1-O to 2.0 x 10-7Mwas0.28 x lo-*M. 
Again, similar concentrations of mercury did not interfere. Four determinations of 
exactly 2 x lo-‘M silver m the presence of 10-7Mmercury(II) gave recoveries of 2.07, 
2.00, 2.03 and 2.02 x lo-‘M. 

EfSect of compounds similar to thiourea 

The effect of eight organic compounds with structural or silver-binding similarities 
to thiourea was measured. Urea, ethylenethiourea, sodmm diethyldithiocarbamate, 
2-mercaptopyrroline ,4 thiohydantoin, guanylthiourea6 and dithiobiureP (10” or 
10-6M) gave 11% change in the relative activity of invertase in the presence of 
5 x 10-‘M silver. Only thiosemicarbazide (NH,.CS.NH.NHJ behaved similarly 
to thiourea. However, it was much less effective. The relative activity was reduced 
from O-965 to 0.931 by lo-‘M tmosemicarbazide and to 0.832 by lOAM thiosemi- 
carbazide, but 10s6M thiosemicarbazide restored the relative activity to 0,951. 

Determination of thiourea 

Very sensitive determination of thiourea in the range up to lo-‘M was possible by 
the procedure devised. Results are given in Table II and show the good precision 

TABLE IL-DETERMINATION OF THIOUREA 

Taken, lo-‘ikf 10 30 50 70 
Found, 1O-8M 07 3 06 48 7.1 

0.8 3.15 48 7.2 

[Ag+] = 5 x lo-‘M 

achieved. Interferences were not investigated, but will be those for the determination 
of silver, i.e., cyanide, sulphide, iodide, gold, large amounts of mercury, etc. 

Sulphide reduced the inhibition by 5 x lo-‘M silver m the presence of lOaM 
thiourea. The sensitivity to sulphide was slightly greater than of the mercury(II)- 
mvertase system, and the effect could be used for the determination of up to lO-‘M 
sulphide by using a procedure similar to that developed with mercury(II)-invertase.2 

Mechanism of the enhancement 

Silver inhibits invertase, in the presence of thiourea, at concentrations ca. 10-‘&f. 
When thiourea is absent, this silver is preferentially bound by impurities in the enzyme 
solution, so that it is not available to inhibit the enzyme. Thus, in the presence of 
thiourea, it appears that the enzyme binds silver sufficiently strongly to compete with 
the impurity for the silver ions. This is borne out by the stability constant measure- 
ments. It seems that in both instances, two silver ions are bound per active site of 
the enzyme, but whereas in the absence of thiourea, the enzyme-silver conditional 
stability constant Kzag is 1.7 x lo-la mole 1-l at pH 5.5, m the presence of an excess 
of thiourea this has decreased to about lo-l3 mole 1-l. Between these two values 
must lie the stability constant for the silver-impurity species. Thus, relatively small 
differences in complex stability seem to be responsible for this effect. The only other 
compound to show this effect, thiosemicarbazide, forms silver complexes slightly 
weaker than those with thiourea [p3 = 1285 (thiourea) and 12.54 (thiosemicarbazide) 
at 30”],6 but it would appear that this small difference is sufficient to reduce markedly 
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the effectiveness of thiosemicarbazide in strengthening the silver-enzyme complex 
sufficiently to compete successfully with the impurities in silver-binding. 

Why is the stability of the enzyme-silver complex increased by the presence of 
thiourea? Attempts were made to find the ratio of thiourea to silver required for 
maximal enhancement of inhibition. Extrapolation of the Initial part of the curve in 
Fig. 3 to minimal relative activity (dotted line) gives a value of 1:8 for this ratio. A 
Job’s plot of relative activity VS. thiourea and silver concentrations gave a ratio of 1:3. 
However, it should be remembered that these are the ratios of silver and thiourea 
added, not of those bound by the enzyme. The stabilities of the enzyme-thiourea- 
silver, and silver-impurity complexes are such that some of the silver added is not 
bound by the enzyme. This has been found previously for preparations of brewer’s 
yeast which are virtually free from silver-binding impurities,’ and thus are sensitive 
to silver concentrations of the same order as those investigated in the present work. 
Thus the silver:thiourea ratio could be <2:1, which is more reasonable on the basis 
of the silver-binding properties of thiourea. 

The nature of the bindmg of metal ions by the enzyme has been the subject of 
some discussion. Each enzyme site bmds one copper(I1) ion with the displacement 
of two hydrogen ions; these are considered to come from the imidazole group of 
h&dine, and from a thiol group. * The simplest form of this complex-forming 
reaction can be considered as: 

E H--NH E H-NH 

N 
k I 

CH N k LH 

Z 
\+/ 

Z 
\N/ 

L il 

li 
+ cu=+ s + 2Hf 

Y Y cu+ 

M J M J 

E L E 

Binding of silver by the enzyme is likely to occur at these same groupings on the 
enzyme. However, two silver ions are bound in contrast to one copper ion, and the 
results of MyrbZick’ imply that only one hydrogen ion is released. The complex with 
silver can thus be considered as (I). The thiourea could strengthen the complex by 
forming a bridge between the silver ions to give (II), or a similar structure in which 
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the thol group has dssociated. The 2:l ratio of silver to thiourea would seem to be 
reasonable in view of the results described above, and the bonding is consistent with 
that of known silver-thiourea complexes.5 

EXPERIMENTAL 

Chemicals and solutlons were as described previously;’ in addmon, a 10-SM aqueous thiourea 
solution is reqmred. Srlver nitrate solutrons for calibration curves were prepared tmmedrately before 
use by dilution of 10-4M stock solutron. All solutrons used should be drspensed accurately by prpette. 

Determmatcon of srlver 

Mix in a lo-ml graduated flask 10-5M throurea (1 ml), pH 5 5 buffer solutron (1 ml), enzyme 
solutron (2 ml) and sample solutron (4 ml, <8 x lo-‘M m silver). Maintam at 30” f 0.05” for 
30 mm. Add 50 % sucrose solution (2 ml) also at 30”, and measure the opttcal rotatton of the solutton 
after 30 0 mm (as described prevrously) .i Prepare a cahbratron graph (optical rotatton vs. con- 
centration) sunilarly, usmg known amounts of silver. When interfering ions arepresent, add 10-BM 
diaminopentanetetra-acehc acid solution (1 ml) and only 3 ml of sample solutron. 

Determmatzon of thiourea 

Repeat the procedure for the determmatron of silver but add 10-5M stlver mtrate solutton (1 ml) 
and sample solutron (4 ml) in place of the tbrourea and sliver solutrons. 

The effect of thtourea on silver (Frg. 3) was studied by mrxing 5 x 1O-BM stlver solutron (1 ml), 
enzyme (1 ml), pH 5.5 bulfer (1 ml), throurea solutions of various strengths, and drlutmg to exactly 
8 ml wrth water. After the mixture had been kept at 30” for 30 0 mm, 50 % sucrose solutton (1 ml) at 
30” was added, and the optical rotation measured after 30.0 min. The effect of varying the amount of 
enzyme (Fig. 1) was mvesttgated by a similar procedure mvolvmg various stlver concentrattons and 
volumes of enzyme soluttons (0, 1 or 2 ml), pH 5.5 buffer (1 ml) and 10-6M throurea (1 ml). The 
effect of thiourea on other metal tons was measured by mixing enzyme solutton (1 ml), metal ion 
solutton (1 ml), pH 5 5 buffer solutton (1 ml) and drlutmg to 8 ml, and repeating the procedure above. 
Likewise the effect of other hgands in place of thiourea was measured by substttutmg them for 
throurea m the procedure for determimng thtourea. 
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Zusammenfassung-Es wurde gefunden, da0 Throhamstoff dte Inhtbt- 
tton von Invertase durch Silbertonen verstarkt. Der Effekt wrrd zur 
Bestrmmung von l-5 . lO+M Stlber und lo-r-lo-*M Tluohamstoff 
verwendet. Em Mechamsmus fur dte Verstarkung wtrd vorgeschlagen. 

R&&-On a trouve que la thtouree exalte l’mhtbitton de l’mvertase 
par les ions argent. L’intluence est apphquee au dosage de l’argent 
l-5 x lo-‘M et de la throuree 10-7-10-8M. On suggere un m&amsme 
pour l’exaltation 
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SPECTROPHOTOMETRIC DETERMINATION OF SOME 
uic-DIOLS 

G. NISLI and A. TOWNSHBND 
Chemistry Department, The Umversrty, P.0 Box 363, Bnmmgham 15, U K. 

(Received 25 March 1968, Accepted 29 May 1968) 

Snmmary-Condrtrons have been established for the determinatron of 
manmtol and sorbrtol (0.4-14 pg), mannose (36-18 ,I.@, myomosttol 
(15-6 ,ug) and pinacol (11-70 ,q) by perrodate oxidation. The rodate 
formed 1s determmed spcctrophotometncally by reaction wrth iodtde 
to form tn-iodide. Excels of penodate is masked with molybdate. 

THE most widely used methods for the determination of vie-diols are based on the 
Malaprade reaction: 

Y-Y + x0,- + Y + 
HO OH 0 

Y + IO,_ 
0 

Generally, the consumption of periodate is measured by iodimetric titration of the 
unconsumed penodate. l As an appreciable excess of periodate is often necessary for 
complete reaction within a reasonable time,* the resulting difference of two large 
numbers causes some Inaccuracy in the determination. This method is usually 
applied to mg amounts of uic-diols, but recently it was applied to 30-8Oqug samples 
of hexitols, by submicro procedures. 2,3 Formaldehyde and formic acid, the other 
oxidation products of hexitols, were also titrated consecutively in the same reaction 
solution. 

It would be advantageous to determine directly the iodate formed by the Malaprade 
reaction. This can be done if the excess of periodate also present is masked with 
molybdate at pH 3. Under these conditions, only iodate reacts with iodide, so that 
the iodine formed can be titrated with thiosulphate to give a measure of the iodate 
concentration.4n5 This masking reaction has been used to detect 0.1 lug of o-glucose 
or tartrate, and should readily be apphcable to the direct iodimetric titration of 
vie-dials on the submicro scale. The determmation of 1OW mole of glycol and glycerol 
was probably done in this way,’ but no experimental details are given. 

For smaller samples, tltrimetric procedures are no longer applicable. Spectro- 
photometric determination of iodate, however, would be suitable for the analysis 
of samples of t20 ,ug. This paper describes the spectrophotometric determination 
of iodate in the presence of molybdate-masked periodate, and the application of 
this method to the determination of a range of uic-dials. 

Apparatus 

EXPERIMENTAL 

Spectra were recorded on a Unicam SP 800 instrument, and measurements were made on this 
and on a Beckman DB spectrophotometer. 

6 1377 
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Solutions 

Iodate, 1 00 x lo-“M from analytrcal-grade potassmm iodate. 
Periodate, 10-aM (for hexttols) and 10-aM (for other compounds) from sodmm metapenodate 
Molybdate, 0~143M from ammomum molybdate. 
Zodrde, 0 5M from analytxal-grade potassmm iodide. 
Buffer, 0 5M sodmm chloroacetate adjusted to pH 3 with dilute hydrochloric acid. 

Preparation of calrbration curve (and determrnatron of rodate in the presence of perrodate) 

Into 50-ml graduated flasks transfer 0 5-5-ml porttons of the potassmm todate solutron and 2 ml 
of the lo-*M or 10WM periodate solution. Add molybdate solutton (IOml) and buffer solutton 
(2 ml) and dtlute to cu. 35 ml with water. Add the iodide solutton (10 ml), and make up to 50 ml 
wtth water. Allow to stand for 30 mm and measure the absorbance at 350-352 nm in l-cm cells, 
against a dtsttlled water blank taken through the whole procedure. Plot absorbance us iodate 
concentratton. For the determinatton of iodate in the presence of periodate, repeat the procedure 
for the unknown solutton, and read off the lodate concentratton from the calibration curve. The 
periodate concentration should be similar to that of the blank. 

Determination of manmtol or sorbrtol 

Add to a 50-ml graduated Sask an aqueous hexitol solution (O+l-1.0 ml, containing 094-14 yg 
of hexttol). Add lo-*M penodate solution (2 ml), wash the stem of the flask with suffictent water to 
bring the volume to 2 5 ml and leave for 20-30 min Add molybdate solution (2 ml) and buffer 
solutton (2 ml) and proceed as for the preparation of the cahbration curve. Measure the absorbance 
m a l-cm cell vs. a water blank taken through the whole procedure, and obtain the concentratton of 
todate from the cahbration curve. The molar concentration of hexttol is then one fifth of that of the 
iodate found. 

Determmatzon of D-mannose or D-glucose 

Add to a 50-ml graduated flask an aqueous hexose solution (0 2-l ml, containmg 3-18 ,ug of 
mannose or 3-11 ,ug of glucose). Add 10-aM periodate solution (1 ml) and wash the stem of the 
flask with sufficient water to brmg the volume to 2 5 ml. Add 1 drop of concentrated sulphurtc 
acid, shake, and leave in a water-bath at 45-50” for 1 hr. Cool, add molybdate solution (10 ml), 
buffer solutton (5 ml) and iodide solution (10 ml). Allow to stand for 30 mm, and dilute to 50 ml. 
Measure the absorbance as before to obtain the iodate concentration, whrch 1s five times the hexose 
concentration. 

Determination of myomositol 

Add to a 50-ml graduated flask an aqueous solution of myomositol (0 2-O 7 ml, contammg 
3-12 pg of the inositol). Add 10-aM pertodate solutton (1 ml), wash the stem of the flask with 
sufficient water to brmg the volume to 2.5 ml, and allow to stand for 2 hr. Add molybdate solutton 
(10 ml) and buffer solution (2 ml). Adjust the volume to ca 35 ml with water and add todtde solutton 
(10 ml). Allow to stand for 30 mm, make up to 50 ml, and measure as before; the concentratton of 
mosttol is one-sixth that of the rodate found. 

Determinatron of pinacol (l l-71 pg). 

Follow the procedure for the hexoses but, instead of heating, allow to stand at room temperature 
for 2 hr. The concentratton of pinacol 1s the same as that of the rodate found. 

RESULTS AND DISCUSSION 

Spectrophotometric determination of iodate in the presence of periodate 

The most suitable method for determining iodate was considered to be the spectro- 
photometric determination of iodme produced by the iodate-iodide reaction. It 
had already been established 4*5 that hexamolybdoperiodate and molybdate had no 
effect on the stoichiometry of this reaction at pH 3. Determination of iodine with 
starch was rejected because of its comparatively high “threshold” value,s so two 
other methods were investigated : spectrophotometric determination of iodine 
extracted into carbon tetrachloride, or of tri-iodide in the aqueous phase. For the 
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latter a wavelength of 350-352 nm was used rather than 288 nm because of the 
higher absorbance of molybdate and periodate at the shorter wavelength. The 
extraction procedure was found to be entirely satisfactory, and had the advantage 
that iodine was the only absorbing species at the wavelength selected, resulting in 
lower blank values. However, the determination of tri-iodide in the aqueous phase 
proved to be equally sensitive (cm = 2.6 x loa> and reproducible and was preferred 
because of its simplicity. 

Molybdate and periodate have small absorbances at 350 nm, but do not affect 
the calibration curve for iodate, in the aqueous solution procedure, provided the 
blank contains similar amounts of molybdate and periodate. Indeed, the molybdate 
has a beneficial effect in that it speeds up the iodate-iodide reaction. When this 
reaction is complete (< 30 mm), the absorbance is stable for at least 2 hr. The 
absorbances obtained from rephcate determinations of various amounts of iodate 
both in the presence and absence of molybdate and periodate are summarized in 
Table I. They show that the calibration graphs for iodate are linear and virtually 
identical. The same results were obtained irrespective of whether the reactions were 
carried out in darkness or daylight. The blank absorbance increases very slowly in 
daylight, owing to the decomposition of periodate to iodate, but as this also occurs 
to the same extent in the sample solutions, there is no change in the net absorbance. 

TABLE 1.-D ETERMINATION OF IODATE AS TRI-IODIDE 

Final absorbance at 350 nm 

Iodate taken 
,umoIe 

Iodate alone 

Mai Std. devn. 

Iodate + masked penodate* 

Me& Std. devn. 

0 0.50 
0100 0.156 , 0 010 
0.200 0 310 0006 
0300 0 467 0013 

0 612 0008 
0 767 0017 

0 076 0001 
0 159 0 010 
0 314 0 013 
0 469 0 012 
0 621 0 013 
0 774 0 015 

* 2 pmole. 
7 Mean of 5 results. 
$ Mean of 20 results. 

The effects of iodide concentration on the absorbance of the final solution are 
given in Table II. Only when the final iodide concentration was O*lM was constant 
absorbance obtamed. The molar absorptivity at 350 nm under these conditions was 
2.6 x 104, which compares well with the value 2.64 x 104 found by previous workers.g 
Calculations based on the association constant for tri-iodidelo (log K = 2.9) indicate 
that > 97 % of the iodine will be present as tri-iodide in solutions that are 2 OGGl4 
m iodide, so part of the decrease in the molar absorptivity found for the lower iodide 
concentrations can be accounted for by incomplete conversion of iodine into tri-iodide. 
However, the magnitude of the decrease in the presence of higher iodate concentrations 
is too large to be accounted for in this way, and probably arises from incompleteness 
of the iodate-iodide reaction under these conditions. 
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Application to vie-dials 

The rate of reaction of periodate with vie-drols depends on the nature of the com- 
pound and the reaction conditions. For instance, hexitols such as mannitol react 
rapidly, whereas pinacol reacts very slowly. Polyhydroxy compounds often react 
rapidly with periodate during the early stages of the reaction, but complete oxidation 
of the products of this initial oxidation is usually slower. The rate of the reaction 
is also pH-dependent, but the dependency is different for different compounds. For 
instance, pinacol oxidation is most rapidll at pH 3.8 whereas that of glucose increase@ 
with increasing pH up to pH 12. Thus it is unlikely that a single set of reaction 
conditions will be discovered that will be applicable to all types of compound. For 
this reason, optimum conditions for the determination of various types of vie-diol 
have been established. 

TABLE II.-EFFECT OF IODIDE CONCENTRATION ON MOLAR ABNER- 

Initial [lodate], 
1 O-sM 0 003M I-* 0 006M 1-t 0 lMI-$ 

400 
600 

240 2 66 2.55 f 0 057 
2 46 2.61 2 65 f 0.15 
2 44 2 55 2 61 f 0 10 
2 41 2 50 260*007 
2 36 2.46 2 59 f 0 05 
2 25 240 2 58 & 0 05 

* Mean of 4 results. 
t Mean of 5 results. 
$ Mean of 20 results. 
f Standard dewatlon. 

Hexitols. The oxidation of hexitols on the submicro scale (30-80-pg samples) 
IS rapid and stoichiometric,2 and this was found to be also the case for l-14-pug 
samples in unbuffered aqueous media. Experiments with mannitol and sorbltol 
showed that the reaction, consuming 5 moles of periodate per mole of hexitol, was 
complete within 20 mm and no further reaction occurred within 2 hr. Neither of 
the reaction products (formic acid and formaldehyde) interfered in any way with the 
iodate determination. Results for replicate determinations of mannitol and sorbitol 
are given m Table III. Those for > 14 lug of sample are slightly low, probably because 

TABLE III -DETERMINATION OF mmo~ AND SORB~~OL 

Maunltol found, ,ug Sorbitol found, pg 
Hexltol taken, 

I% No. of detns. Mean Std. devn. No of detns. Mean Std. devn. 

1 82 5 l-94 0 07 3 1 82 009 
3 64 14 3 82 0 12 6 3 75 0 14 
7 28 14 7 37 0 14 6 7 43 0 29 

109 14 10 8 02 6 10 8 03 
14 6 14 14 4 02 6 14.3 
18 2 9 180 0 15 17.8 
20 0 5 19 8 0 25 19 5 
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the iodate-iodide reaction is incomplete (see above). Determinations of smaller 
(0.36-l-8 ,~g) samples of mannitol, which are summarized in Table IV, are also 
possible by the same procedure. Suitable modification, e.g., the use of longer-path 
cells, should enable better accuracy to be obtained with such small samples. 

TABLE IV.---DETE~M-ION 0~ SMALLER AMOUNTS OF hwwrr0L 

Taken, pg 0 36 0 73 109 146 1 82 
Found, iug 040 * 002 077 ?I: 002, 114*0045 150fO05 1911007 
No of results 2 3 2 2 4 

Hexores. The reaction of periodate with simple aldohexoses takes place in a 
number of consecutive reactions. Although the complete sequence is not known, 
the course of the reaction for a-D-glucopyranose (I) can be summarized as follows: 

+ ZHCOOH 

HDHO -I- 3 HCOOH 

Consumption of the first two moles of periodate is rapid, but the uptake of each 
of the further three moles of periodate becomes increasingly slow, because of the 
slower reaction of periodate with the reaction products,ra such as ,B-formylglyceralde- 
hyde (II). Furthermore, as ca. 15 % of glucose is in acyclic and furanose forms, these 
isomers rapidly consume a mole of periodate during the fission of the C-,--C, bond.r5 
These facts indicated that it was unlikely that satisfactory results for the determmatron 
of aldohexoses would be possible unless complete oxidation, with the consumption 
of five moles of periodate, could be achieved. 

The rate of production of iodate by oxidation of glucose with periodate, under 
the experimental conditions used for the determination of hexitols, is depicted in 
FIN. 1, in which it is seen that the rate falls off after two moles of iodate have been 
produced per mole of glucose present, and that only after 21 hr have five moles of 
iodate been formed. Mannose reacted similarly, but a little more rapidly. Thus it 
was necessary to increase the reaction rate to attain complete reaction m a reasonable 
time. Although this could have been done by raising the pH to 12, it was also found 
that the reaction rate was appreciably higher in 05M sulphuric acid. Complete 
reaction of 10 pug of glucose was attained in an hour by the combined modification 
of adding a drop of concentrated sulphuric acid to the reaction mixture, increasing 
the periodate concentration five-fold, and raising the reaction temperature to 45-50”. 
Table V gives the results of analysis of Bmannose and D-giucose under these condi- 
tions. Accurate results were obtained for 36-18.0 pg of mannose and for 3.61@8 ,ug 
of glucose. Reaction is incomplete for larger amounts of glucose. 
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r- 

b 6- 
x c 

O I 2 3 4 

Reoctlon time, hr 

FIG. l.-Rate of iodate productron by the oxidation of (a) 0 5 x IO-'; (b) lo-‘; (c) 
1.5 x lo-‘; (d) 2 x lo-’ mole of D-glucose with 2 x 10WB mole of periodate using 
the procedure for determinmg hexitols. Iodate produced after 21 hr was (a) 2 6 x lo-‘; 

(b) 5.2 x lo-‘; (c) 7.4 x lo-’ mole. 

TABLE V.-DETERMINATION OF GLUCOSE AND MANNOSE 

Hexose taken, pg 36 72 10 8 14 4 180 
Glucose found, ,ug* 3 6 i 0 2 (7) 7.1 f 0 3 (7) 10 5 f 0 3S (4) 13.7 f 04 (4) 16.9 (3) 
Mannose found, ,ug* 3 8 i 0 2 (6) 7 3 f 0 2 (6) 11 0 -C 0 2 (4) 14 4 * 0 3 (5) 18 2 & 0.2 (2) 

* Mean result f std. dev. (no. of determmattons). 

Myoinositol. This compound (III) reacted very slowly under the conditions used 
for the determination of the hexitols: 2 days were reqmred for the consumption of 

m (Iv) 

cu. 6 moles of periodate per mole of inositol. However a five-fold increase in the 
periodate concentration brought the reaction time down to reasonable proportions 
The effect of time on the reaction under these conditions is summarized m Table VI. 
In all cases, more than six moles of periodate were consumed-up to 6.8 moles m 
the experiment with the smallest inositol concentration-if the reaction was allowed 

TABLE VI -RATE OF REAC~ON OF MYO~NOSITOL WITH PERIODATE 

Myoinosttol taken, 
pmole 

Moles of rodate produced per mole of myomosttol after 

1.5 hr 2 hr 2 5 hr 4 5 hr 

0.34 54 62 62 68 
0 68 54 60 61 65 
1 02 53 58 61 70 
1 36 53 58 61 63 
170 54 61 6.3 
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to proceed for some hours. This is in agreement with the results of other workers 
for larger amounts of inositol. 2*16 However, if the reaction was stopped after ca. 
2 hr, it was possible to obtain reasonably accurate recoveries of myoinositol on the 

TABLE VII.-DETERMINATION OF MYOINOSITOL 

Taken, ,ug 3 06 6.12 9.2 12.2 
Found, ,ug* 3.02 f 0 25 5 94 + 0.25 89&04 Il.7 &05 

* Mean value AZ std. devn. (7 vacates). 

basis of the consumption of 6 moles of periodate. Results obtained in this way are 
given in Table VII. 

Pinacol. The oxidation of pinacol (IV) by periodate is slow, most probably 
because the formation of the cyclic ester between these compounds is hindered.13B1’ 
Indeed, in unbuffered aqueous solution, with the hexitol determination conditions, 
no measurable oxidation of pinacol had occurred after 2 days. However, oxidation 
of pinacol is fastest l7 at pH 1. Addition of a drop of concentrated sulphuric acid 
to the reaction medium, and a five-fold increase in periodate concentration gave 
quantitative oxidation (consuming one mole of periodate per mole of pinacol) 
within 2 hr. The amount of iodate produced did not change for at least another 
2 hr, either in darkness or daylight. Results obtained for the determination of 
(11-71 pg) of pinacol under these conditions are given in Table VIII. The method of 

TABLE VIII -DETERMINATION OF PINACOL 

Taken, 
Fzd, Il.8 23 6 354 47 2 59 0 70.8 

I%* 12 5 zt 0 8 (7) 24 1 Z!I 0 9 (7) 35-4 f 1 1 (7) 47.1 + 1 2 (8) 57 7 f 0 8 (6) 70 1 (2) 

* Mean result f std devn. (no. of determinations). 

addition of acid is not critical. Addition of a larger volume of more dilute acid gave 
identical results. 

Conclusion 

Many of the compounds investigated were oxidized completely by periodate 
within 2 hr only when at least a lOO-fold excess of periodate was used. The determina- 
tion of the amount of periodate consumed under these circumstances is almost 
impossible, whereas the determination of the iodate produced can be done simply, 
rapidly, accurately and without interference. 

The various conditions described for the determination of the different types of 
uzc-diols should be suitable for the determination of most other vie-dials and other 
compounds that are oxidized by periodate. An appropriate procedure should be 
selected in accordance with the rate of oxidation of the compound. However, if 
a universal procedure for any vie-dlol is required, the method devised for the hexoses 
is most likely to be suitable. However, under these more vigorous conditions, 
periodate oxidizes compounds that are normally resistant to it, so that the determina- 
tion of readily oxidized species in the presence of these normally inert compounds, 
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such as tartrate in the presence of citrate, is vitiated. This will be described in a 
future paper.ls 

Acknonledgements-The authors thank Professor R. Belcher for hrs interest and valuable suggestions, 
Dr. A. M. G. Macdonald for the proviston of pure samples of the carbohydrates. G. N. thanks 
Professor E. Dikman, Ege University, Turkey, for study leave and financial assntance. 

Zusammenfassung-Die Bedmgungen zur Besttmmung von Manmt 
und Sorbrt (0,4-14 pug), Mannose (3,6-18 pg), Myomosit (1,5-6 lug) 
und Pmacol (1 l-70 pg) durch Perlodatoxidation wurden entwtckelt. 
Das geblldete Jodat wtrd spektrophotometnsch durch Reaktton mit 
Jodid zu TrtJodid bestimmt. Uberschusstges PerJodat wtrd mtt Molyb- 
dat maskrert. 

Rbrr&--Qn a Btabh des conditions pour la dCtermmation des mamntol 
et sorbttol (O&14 rg), mannose (3,6-18 & myomositol(1,5-6 rg) et 
pinacol (11-70 @ par oxydatton periodlque. On dose l’todate forme 
spectrophotom&rtquement par reactton avec l’rodure, formant du 
truodure. L’excb de pertodate est dtsstmule au moyen de molybdate. 
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Summa~--The investrgatron of qumoxahne-2,3-dtthiol as a gravi- 
metrrc reagent for nickel 1s described A derivative of the dtthiol, 
S2-(3-mercaptoqumoxal~nyl)thmronmm chloride 1s used as a generat- 
ing agent m a PFHS method because of its relative stability and 
solubrhty m aqueous ethanol Nickel, 2 5-25 0 mg, can be prectprtated 
at pH 2-3 as (CsH,N$JaNr. After filtratron the precipitates are 
washed first with aqueous ethanol to remove traces of absorbed 
reagent and then wtth benzene to remove a small amount of decompost- 
tton product of the reagent, the charactermatron of which IS described. 
The precrprtates are stable and can be dried m au at 110-120”. Errors 
of less than 0.15 ‘A are obtamed m the analysts of soluttons containing 
25 mg of nickel. The selectrvrty of the reagent 1s discussed and some 
suggestrons are made for maskmg the interference of other elements. 

SEVERAL methods have been proposed for the determination of nickel by precipitation 
from homogeneous solution (PFHS). The reactions employed include direct synthesis 
of the reagent, complexation and replacement, volatilization of solvents, and various 
pH effects. These methods have been summarized in recent reviews.l 2 Various 
dioximes, particularly dimethylglyoxime, are still the most widely used reagents for 
the determination of nickel but so far hgands contammg sulphur as the donor atom 
have not been so employed. This may be due to the generally recognized instability 
of sulphur compounds as reagents. However, as nickel(I1) shows considerable 
affinity towards sulphur compounds, it is useful to explore the use of stable derivatives 
of such compounds for the slow “zn situ” generation of the reagents. 

The reagent S-2-(3-mercaptoquinoxalmyl)thmronium chloride (MQT) has already 
been used for the spectrophotometric determination of cobalt and nickel.3 This 
paper reports an extension of the use of MQT in the determmation of larger amounts 
of nickel. In weakly acidic solutions MQT hydrolyses slowly to form quinoxahne-2,3- 
dithiol (QDT) and nickel is precipitated as the blue-black complex (C,H,N,S,),Ni. 
The complex can be isolated easily m pure form and is non-hygroscopic and thermally 
stable. The gravimetric (PFHS) method for nickel described here has been based on 
these observations. 

EXPERIMENTAL 

Reaction of reagent with nickel 

Nickel(II) reacts with QDT m alkaline solution to give a soluble red complex. On acrdrficatron 
of this solutron, or on addmon of QDT to an acid solutron of mckel(II), an msoluble dark coloured 
complex 1s formed. 

* Department of Chemistry, Kingston College of Technology, Kmgston-upon-Thames, Surrey, 
U.K. 
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Imttal studies wtth QDT as a gravtmetnc reagent were unsuccessful because of the hmrted 
solubthty of the hgand m common solvents and the pronounced instabthty of both the solid reagent 
and any solutrons. Moreover, the precipitates formed by duect reaction of nickel with QDT were 
extremely difficult to filter. The use of the PFHS method with MQT as a generating agent was 
therefore mvesttgated. 

Studies were undertaken to determme the MQT concentratron, solvent composttton, temperature, 
reaction time and pH of solutron which would result m the formatton of a pure, easdy filterable 
preapttate and quantttattve recovery of mckel. 

The opttmum condtttons found were: 
(i) addttton of sufficient reagent to provide a 3-4 molar excess of MQT over mckel, 

(a) use of 50% v/v aqueous ethanol as solvent, 
(rzz) heatmg the solutton for up to 3 hr at about 60” (steam-bath temperature), 
(ru) prectpttatton m unbuffered solutions to allow the mttial pH of the reagent solutton to change m 

the course of reaction (see Table I). 

TABLE I -RECOVERY OF NICKEL IN THE PRESENCE OF A 

3 5 MOLAR-EXCESS OF MQTAS A FUNCTION OF TIME, SHOW- 

INGTHECHANGESM pHm UNBUFFEREDSOLUTION DURING 

PFHS 

Time, mzn pH at 20°C Recovery of mckel, % 

0 
5 

10 
15 
30 
60 
90 

120 
180 

53 
3.4 
12 
22 
24 
25 
28 
28 
29 

0 

11O1* 
20 0 
52 4 
85.5 
99 8t 
99 8t 
99 9t 

* Solution becomes dark green. 
t No nickel detected m the filtrate. 

It was found that the extent and speed of hydrolysis of MQT to QDT IS increased by mcrease in 
pH, but that the optnnum pH for complete precrpttation of the mckel complex lies between 2 and 3. 
Hydrolysis at tied pH values of 3 or 4 appears to be too slow and mcomplete and a higher imtral 
pH is necessary. The use of unbuffered solutions thus proved necessary. 

The precipitates formed under these condrtrons could be filtered off quickly and easily. They drd 
not “creep” nor adhere to the walls of a beaker, provided that clean and unscratched beakers were 
used. 

After filtration through a porostty 4 sintered glass crucible the prectprtate was washed with 50% 
aqueous ethanol, actdtfied with hydrochloric acid to about pH 3, to remove the excess of undecom- 
posed reagent. However the material still remamed contammated with a decomposition product of 
the reagent and small positive errors were obtained. The contammatton can be completely removed 
by several washes with small portions of hot benzene. 

The benzenesoluble impurtty was Isolated as yellow needlshke crystals sublimmg above 300”. 
This was contirmed by dtfferenttal scanrung calortmetry @SC). The elemental analysts of the com- 
pound suggested the emptrical formula C,H,N,S; however the mass spectrometric determinatron of 
the molecular weight indtcated a dtmer of posstble formula 

Taeger and El-Hewehi” have reported the tsolation of a monomer with thts empmcal formula, as a 
by-product of the alkahne hydrolysis ofMQT, and described it as brown needles, m p. 235” (decomp ). 

Investigation of the wezghzng form 

Thermogravrmetrrc analysts (TGA) of the blue-black precipitate showed that there was no loss 
of weight on heatmg up to 325”. Above this temperature there was a rapid loss of wetght and at 
about 1000” the weight of the residue agreed with the calculated amount of mckel(I1) oxide. 
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Differential scannmg calorimetry contirmed that the precipitate underwent exothermal decomposition 
above 325”. The results of thermal analysrs are shown in FIN. 1. 

Elemental analysrs of the blue-black material gave C, 43.1%; H, 2.2 %; N, 12.7 %; S, 28.8 %; 
NI, 13.1%; (GH,N&),Nr requues C, 43.15%; H, 2 3%; N, 12 6%; S, 28 8%; Nr, 13.2%. 

The molecular werght of the material could not be determined by the conventional methods 
because of the insolubihty 111 any of the common organic solvents. The sohd material was not 

I 

‘00 100 200 I xx) I 400 560 600 700 600 900 loo0 1100 
Temperature, OC 

FIG. 1 .-Thermal analysis of nickel-QDT complex 
A-Thermograwnetric analysts 
B-Drfferential scanning calonmetry 

sufficrently volatile to give any mass spectra at temperatures of up to 350’. Magnetic measurements 
at room temperature showed that the compound was diamagnetic and thus possibly contained 
square-planar mckel(II). Smce the composmon of the blue-black material mdrcated the presence 
of two more hydrogen atoms than m the red soluble complex previously reported,8 rt IS suggested that 
the two compounds are related m the followmg way 

I. Red, aniomc. II. Blue-black, neutral. 

The neutral compound dissolved in alkahs to give a solutron containing the red species I. There 
was also an mdrcation of a green compound m solution at low values of pH (see Table I). The blue- 
black solid drssolved in concentrated sulphunc acid to grve a green solutron. The existence of three 
such mckel-QDT complexes has been reported by Stevan&vrC .b The empnical formula corresponding 
to II has been adopted for the weighmg form m the gravrmetric method. 

The exact position of the two additional hydrogen atoms is at present uncertain; they may be 
assoaated with the quinoxahne mtrogen atoms. The general propertres of this material are mdrcatrve 
of a polymenc structure. 

Reagents 

S-2-(3-mercaptoguinoxalmynftrruronium chlorrde solution. An approx. 0 5% w/v solution of 
MQT freshly prkpaied in 50 % v/v aqueous ethanol. The MQT IS made as descrrbed prevrously.* 

Standard solutzon of nrckel. Prepared from analytical-grade mckel(I1) ammomum sulphate 
hexahydrate and standardized gravimetncally wrth dimethylglyoxrme.B 
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Procedure 
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Add an ahquot of nickel solution to sufhcient reagent solution, m a beaker, to make the molar 
ratio of MQT to nickel approxrmately 3 5. Adjust the volume with ethanol and/or water to give a 
tinal solutton that contams 50% of alcohol by volume (note 1). 
and heat on a steam-bath for about 3 hr (note 2). 

Cover the beaker wrth a watch-glass 
Filter the hot solutton through a porosity 4 smtered 

glass crucible, washing the precrpitate with about 100 ml of 50% v/v aqueous ethanol actdriied wtth 
hydrochloric acid to about pH 3, and then with about 75 ml of hot benzene m small porttons. Dry 
for 1 hr at 110-120’ and weigh as (C,H,N,S&Ni whtch contains 13.18% of mckel. 

Notes 

1. The mckel solution should be neutral or weakly actdrc. For between 2 5 and 25 0 mg of mckel 
a final volume of 200 ml is sattsfactory. 

2. Precrpttatton is complete when the colour of the supematant solutton has changed from 
green to orange-yellow. 
the MQT/nickel ratio. 

The reactron time IS dependent on the amount of nickel present and on 

RESULTS AND DISCUSSION 

Analysis of standard solutions by the recommended procedure showed coefficrents 
of variation for the determination of about 25 and 25 mg of nickel to be 0.90% and 
0.13 %, respectively. The results of analysis are summarized in Table II. 

TABLE II.-RESULTS OF REPLICATE DETERMINATIONS 
OF NICKEL 

Added, mg 
Mean 

Found,* mg 
Standard error 

2 55 2 55 0 010 
6 38 6 43 0 026 

12 76 12 79 0 018 
25 52 25 53 0 013 

* Mean and standard error for 6 variates. 

A preliminary study of interferences showed that a number of metallic ions 
precrpitate under the conditions described for nickel. Burke and Yoe’ and Ayres 
and Annand, who utilized the formatron of the blue nickel-QDT complex in ab- 
sorptiometric methods, reported interference from Cu(II), Fe(III), Pt(IV), Pd(I1) and 
A&I). The present work has confirmed thrs and also shown that interference occurs 
in the presence of Co(II), Mo(VI), W(VI), Zn(I1) and Pb(I1). 

Errors of less than 1% were obtained, however, m the determination of about 
12.5 mg of nickel in the presence of a loo-fold excess of NH4+, Na, K and Mn(I1) 
and a 50-fold excess of Mg(I1). Presence of about 12.5 mg of Fe(II1) or Cr(II1) 
could be tolerated if excess of citric acid were added, but the precipitation reaction 
took about 4 hr. A lOO-fold excess of the followmg amens can be tolerated: chloride, 
sulphate, nitrate, thiocyanate and citrate. Tartrate and EDTA interfere and must be 
absent. Substances which Increase the pH by hydrolyses, e.g., salts of strong bases 
and weak acids, generally interfere and should be absent. 

MQT is at least as accurate and precise a reagent as dimethylglyoxlme for the 
gravrmetric determination of nickel. Both reagents produce precipitates which have 
the good filterability normally associated with the PFHS method. MQT has already 
been shown to be a more efficient absorptiometric reagent for nickel than dimethyl- 
glyoxime,3 thus it is an attractive smgle reagent for the determination of nickel over 
a wide range of concentrations, provided that its lower selectivrty can be tolerated. 
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Zusammenfassung-Dre Untersuchung von Chmoxalin-2,3-dithiol als 
gravlmetnsches Reagens fur Ntckel wud beschneben. Em Denvat des 
Drthrols, S-2-(3-Mercaptochmoxalinyl) thmronmmchlorid wtrd als 
Dtthrolouelle m emer homoaenen Fallungsmethode verwendet, da es 
in wa.C&gem Athanol relatrv<tabil und lo&h 1st. 2,5-25,0 mg Nickel 
konnen be1 DH 2-3 als fC.H.N,S.).Nr aefallt werden. Nach der ” _ _I_ 
Frltratron w&den dre Niederschlage zue& mrt wa5rigem Athanol 
gewaschen, um Spuren von adsorblertem Reagens zu entfemen, dann 
mrt Benzol, urn eme kleme Menge Zersetzungsprodukt des Reagens zu 
entfemen, dessen Charakt+srerung beschneben wrrd. Die Nieder- 
schlaae smd stabil und konnen be1 110-120” an der Luft getrocknet 
werd&. Bei der Analyse von Losungen mrt 25 mg Nickel &halt man 
Fehler unter 0.15 ‘X. Die Selektivltat des Reaeens wird drskutrert und 
emtge Vorschlage zur Maskierung der Storungeivon anderenElementen 
gemacht . 

RBsum&-On decrit l’etude du qumoxahne 2,3-dithrol comme reactrf 
gravrmetnque du nickel Un derive du dithtol, le chlorure de S-2- 
(3-mercaptoqumoxahnyl) throuronium est utdise comme agent 
generateur dans une mtthode de precrpttatron en phase homogene 
par suite de sa stab&b relatrveet de sa solubilrte en ethanol aqueux. On 
peut precrprter 2,5-2&O mg de nickel a pH 2-3 a l’etat (C,H,N,S,),Nt 
Apres filtration, on lave les pr&cipttts d’abord a l’tthanol aqueux pour 
&miner des traces de reacttf adsorb& puis au benzene pour &miner une 
petite quantite de produrt de decomposrtron du r&t&f, dont on d&It 
la caractbrrsatron. Les preciprtes sont stables et peuvent &tre st5ch6s a 
11 O-l 20”. On obtient des erreurs de moins de 0,15 % dans l’analyse de 
solutrons contenant 25mg de nickel. On dtscute de la selectrvtt6 
du reactrf et foumrt quelques suggestions pour la drsslmulatton de 
I’mterference d’autres elements. 
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(Recerved 29 January 1968. Accepted 19 Aprd 1968) 

Summary-A procedure has been developed for the polarograpluc 
determmatron of ahunmnun in plutomum. The plutonium 1s separated 
by anion-exchange in a nitrate medmm, and the aluminium IS deter- 
mined m the eluate by use of Superchrome Garnet Y. The ahunmium 
concentratron range m the polarographed solutrons is 0 020-0~800 ~Lpl 
ml. The average recovery of ahumnmm was 99.3 %, relattve standard 
devtatton 7-2 %. Of 20 common lmpurttres found m plutomurn metal, 
only molybdenum and titanium cause stgnificant mterference; both 
can be removed by ion-exchange. 

THE half-wave potential of aluminium is very electronegative and is preceded by the 
hydrogen wave. This causes major problems in the direct polarographic determi- 
nation of a1uminium.l A method for avoidmg this problem was developed by Willard 
and Dean.2 It IS based on the change in the polarographic behaviour of a dye after it 
forms a complex with aluminium. The dye used to form the complex was Ponta- 
chrome Violet SW(C.1. 169). The dye-aluminium complex has been investigated 
further at the dropping mercury electrode, a4 and Florence et ds investigated the 
oxidation of the complex at the rotating pyrolytic graphite electrode. Adcocks used 
the dye Superchrome Garnet Y, SGY(C.1. 168), for the determination of aluminium. 
SGY has greater solubility than Pontachrome Violet SW. Since the work of Adcock, 
a number of papers have appeared on the aluminium-SGY complex and on the 
determination of alumimum by using the reduction of the aluminium-SGY com- 
plex.‘-l1 

This paper reports a polarographic method for the determination of alumimum in 
plutonium metal by usmg anion-exchange for preliminary separation of plutomum, 
and then reduction of the aluminium-SGY complex. 

Apparatus 
EXPERIMENTAL 

A Davts Differential Cathode Ray Polarotrace, Type A-1660 (Southern Analytical, Ltd., Cam- 
berley, England) eqmpped with an electrode stand and a constant-temperature water-bath, was used. 
All polarographrc measurements were made at 25 0 &O*l”. 
pool anode was used throughout the mvestigations. 

A polarographrc cell with a mercury 
Dual 15-cm long caprllarres were used for all 

measurements. The ms411B value, obtained at zero voltage m a buffer solutron with a 1.5 x lo-%2 
SGY concentration was 2.12. 

The pH values of the solutrons were measured with a Beckman Model 76 Expanded Scale pH 
Meter and a glass electrode. The pH was adjusted with hydrochlorrc acid or ammomum hydroxide. 

l Work performed under U.S. Atomic Energy Commrssion Contract AT(29-l)-1106. 
1391 
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Reagents 

The sodium salt of Superchrome Garnet Y(SGY) was obtained from Keystone Amhne and 
Chenncal Company (Chicago, U S.A.) The dye was purrfied by a double recrystalhzatron from 
ethanol, and a 3.75 x 10-8M solution was prepared by drssolvmg the proper quantrty of the dye m 
water. 

The ammomum acetate buffer solution was prepared by mrxmg 250 ml of l*OM ammonium 
acetate solution, 250 ml of l*OM ammoma solution and 500 ml of l*OM hydrochlorrc acid. 
of thrs solution was then, adjusted to a value of 3 40 +. 0 20. 

The pH 

The amen-exchange resm, Dowex 1 x 2, was prepared according to Kressin and Waterbury.** 
All other chermcals were reagent grade, and the solutions were prepared m the normal manner. 

Safety precautzons 

Extreme care must be exercised in the handhng of plutonium because of its toxicity. All work with 
plutomum was performed m a glove-box. The solutions contammg the separated alummmm were 
analysed polarographically under a well-ventilated hood. 

Procedure for sample preparatzon 

A waght of plutomum metal was selected so that l-50 pg of alummium were present. This was 
&ssolved m a 150~ml beaker wrth a mrmmum volume of 3M hydrochlorrc acid. Then 15 ml of 
concentrated mtric acid were added, and the solution was evaporated to incipient dryness under an 
infrared lamp. The beaker and watch-glass were washed with 7 2M nitric acid, and then 1 ml of 
30 % hydrogen peroxide was added. The solutron was warmed on a hot-plate for 5 mm. A change to 
green m the colour of the solution imhcated that the plutomum had been oxidized to plutonium(IV). 
The beaker walls and cover-glass were washed wrth a mimmum volume of 7.2M nitric acid, 10 g of 
the anion-exchange resin were added to the beaker, and the mrxture was stirred for about 10 mm. 
The slurry was transferred to a column whrch contained an addmonal 10 g of anion-exchange resin. 
The flow through the column was adjusted to 10 ml/mm, and the column was washed with 100 ml of 
7.2M mtrrc acid. The eluate, which contamed the alummmm, was collected m a 150ml beaker. 

The 15Oml beaker was placed under an infrared lamp, and the solutron was evaporated to 
mcrprent dryness. The beaker and watch-glass were then washed wrth a mmrmum volume of water. 
The pH of this solution was adjusted to 3 40 & 0.20 and the solutron was transferred to a 50-ml 
volumetrrc flask; 10 ml of ammonmm acetate buffer were added, followed by 2 ml of SGY stock 
solutron. The volumetrrc flask was placed m a water-bath for 15 mm at 75” to hasten the complete 
formatron of the alummmm-SGY complex. The solution was cooled and diluted to volume with 
water, and a 5-ml portion was transferred to the electrolysis cell. The solution was purged of oxygen 
by passing purrfied nitrogen gas through the solutron for 15 mm. The peak current was read at 
-0 510 V vs. Hg pool 

Cahbratzon procedure 

A cahbratron curve for alummmm was prepared by transferring an appropriate portion of a 
standard alummmm solutron mto a 150ml beaker contammg 10-15 ml of 7.2M mtric acid, adding 
log of the amen-exchange resin, and followmg the procedure described above. Twenty-eight 
alummmm solutions, of seven different concentratrons, were prepared and polarographed. The 
mean results are given m Table I and show that the peak current 1s proportional to the alummmm 
concentration at pH 3 40. The average relative standard devratron for all polarograms at all con- 
centrations was 7.2 %. 

TABLE I.-PEAK CURRENT AS A FUNCTION OF THE ALUMINIUM 
CONCENTRATION AT pH340 f 0.20 

100 0 022 1.10 
2.50 0 057 1.15 
500 0 109 1 09 

100 0 245 1 23 
20 0 0 501 1 25 
40.0 0 981 123 
60.0 1 39 1.16 
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RESULTS AND DISCUSSION 

The effect of pH on the diffusion current was examined, using 1.5 x 104M 
SGY solutions which contained 0400 ,q of aluminium and O-2 ml of the ammonium 
acetate buffer per ml. The influence of pH on the diffusion current is apparent if the 
diffusion current is plotted vs. pH (Fig. 1). The rounded maximum of the curve is at 
pH 3.4. If the pH is maintained at this value rtO.20, the error due to pH variation 
would be less than 1%. 

The effect of the concentration of SGY on the diffusion current was examined with 
solutions which contained 0400 ,ug of alummium and O-2 ml of the ammonium 
acetate buffer per ml at pH 340 & O-20, and various amounts of SGY. 

0 

PH 

FIG. l.-Variation of the diffusion current with pH. 
Alummium, 0 400 @ml; SGY I.5 x 10-W; acetate buffer 0 2 ml/ml. 

The influence of the SGY concentration is shown m Fig. 2, where the diffusion 
current is plotted vs. SGY concentration. An SGY concentration of 1.5 x 104M, 
m the middle of the narrow flat maximum, was selected for use. 

To be certain that all the alummium had been complexed, the solutions were 
heated to 75” in a water-bath. It was found that heating the solutions to this tem- 
perature for 15 mm was sufficient to ensure complete complexation of the alummmm. 

Investigation of impurities 

Twenty impurities commonly found in plutonium metal were investigated to 
determine their effect on the alumnuum determination. The results are shown in 
Table II, and indicate that only molybdenum and titanium are apt to cause mter- 
ference at ratios (to aluminmm) of less than 1: 1, whereas chromium, lead, and uranium 
will interfere at ratios greater than 1: 1, 5 : 1, and 3 : 1, respectively. The remainder of 
the impurities will not interfere unless the ratio is 10: 1 or greater. It is unhkely that 
any of the impurities would ever be present in concentrations high enough to m- 
terfere, except for molybdenum and titannun. 

Titanium13 and molybdenum l4 both form anionic chloride complexes in con- 
centrated hydrochloric acid. Alummium does not.15 Titanium and molybdenum 
could, therefore, be separated from aluminium by passing a solution of these elements 

6 
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I I I I 

5 IO 15 

Superchrome garnet Y. ccacentratnn x 10m4H 

FIG. 2.-Variation of the diffusion current wrth the concentratron of Superchrome 
Garnet Y 

Aluminmm, 0.400 ,ug/ml; acetate buffer 0 2 ml/ml; pH 340. 

TABLE II.-INVESTIGATXON OF IMPURITIES 

Ion added 
Weight ratto Recovery of Al, 

ion/Al % 

Ag 
Boss- 

Ba Ca 

Cd 

Cr(II1) 

CucII) 

Fe(II1) 

Ga(III) 
K 
w 
Mn(I1) 
MoO 

Nl 

Pb 

s104=- 
Sr 
T1(11l) 

IJ(vI) 

Zn 

1OO:l 
100 1 

100 1 100: 1 
50 1 

1OO:l 
25.1 

1OO:l 
1.1 

100.1 
1O:l 

loo 1 
10.1 

100.1 
100 1 
100.1 
100 1 
100.1 
0.2.1 
100 1 
50.1 

100 1 
51 

100 1 
100.1 
100 1 

0.05.1 
100 1 

3:l 
100.1 

a 
a 

:1 

140 

1;3 

: 
a 
21 
a 
a 
a 
a 

; 
a 
86 

4:7 
a 
a 

575 

2;5 
a 
a 

a Error < AS%. 
b No peak at -0.510 V us Hg pool. SGY blocked by 

added ton forming stronger complex than Al-SGY. 
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in concentrated hydrochloric acid through an anion-exchange resin. The titanium and 
the molybdenum would be retained on the resin and the aluminium would pass 
through. 

Analysis of standard aluminium solutions 

Eighteen aluminium solutions covering the range 0~02O-O%IO ,ug of aluminium 
per ml were analysed as described above, except that plutonium was absent. The 
recovery was 97%104*2%, average 99.8 %. 

Recovery of aluminium in the presence of plutonium 

The effect of plutonium on the determination of aluminium was examined by 
spiking plutonium solutions with standard aluminium solutions. Twelve solutions 
containing 100-200 mg of plutonium were spiked so that the final aluminium con- 
centration ranged from 0.020 to 1.2 ,ug/ml. These solutions were taken through the 
sample preparation procedure and analysed. The recovery ranged from 94.6 to 
103.4 %, average 99.3 %. 

Some observations on SG Y complexes 

During investigation of the effect of impurities on the aluminium peak, we found 
four metallic ions which produced coloured complexes wrth SGY: copper (dark 
orange), iron (dark green), gallium (dark orange), and molybdenum (red-orange). 
The solutions were buffered wrth the ammonium acetate buffer at pH 3.4. We did not 
attempt to investigate the possrble use of these complexes for the quantitative deter- 
mination of these ions, though it is possible that one or more of them may be deter- 
mined by the use of the SGY complex. 

Zusannnenfassung-Ein Verfahren zur polarographlschen Bestunmung 
von Alumtmum m Plutomum wurde entwlckelt. Das Plutomum wird 
durch Anionenaustausch m emem Nttratmedmm abgetrennt und das 
Alummmm lm Eluat mit Superchromgranat Y besttmmt. Der Aluml- 
mum Konzentrationsberetch m den polarographterten Losungen 1st 
0,020-0,800 pg/ml Man findet im Durchschmtt 99,3 % des Alumin- 
iums mit der relativen Standardabweichung 7,2 %. Bet 20 in Pluton- 
iummetall gefundenen Verunremlgungen storten nur Molybdan 
und Titan wesentlich; belde konnen durch Ionenaustausch entfernt 
werden. 

R&un&-On a 61abor6 une techmque pour le dosage polarographique 
de l’ahnnimum dans le plutonium. Le plutonium est s&pare par 
&change amomque dans un rmheu nitrate et l’ahunmmm est dose 
dans l’eluat par emplor de Superchrome Garnet Y. I.e domaine de 
concentration de l’alummiu~ dans les solutions polarographiees est 
de 0,020-0,800 pg/ml. La r&upQation moyenne de l’aluminium est 
de 99,3x, l&art type relatif 7,2x. Des 20 unpure6 communes 
trouv&x dans le plutonium metalhque, seuls le molybdene et le tttane 
causent une g&e importante; tous deux peuvent 6tre &nines par 
&change iomque. 
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(Recezued 29 April 1968. Accepted 21 June 1968) 

Summary-A general computer program IS descrtbed for the inter- 
pretation of pH tttratlon data for mrxtures contaimng the tons of up 
to two metals and up to two hgands. The program, whtch employs 
the non-hear least-squares method, may be used to calculate equihb- 
rium constants for hydrolysed metal ions, protonated hgands, and 
sample, protonated, hydrolysed, polynuclear, and mured complexes. 

IN RECENT years many computer programs have been developed for calculating the 
&ss&ation constants of acids and bases, and the stabihty constants of metal com- 
plexes, from pH titration data. The more advanced of these programs use one of two 
mathematical approaches. The first is the non-linear least-squares method, long used 
by crystallographers in the reduction of X-ray data. The technique has been applied 
to pH titration data for simpie systems by several workers,l*z but was expressed m 
more general computer programs by Rush, Johnson, and Kraus? and by Tobias. 
The latter’s program has since been developed, and its effiaency improved.s The 
moddied program, which was called GAUSS, has proved very useful in calculating 
the equilibrium constants of the various species present in solutions containing one 
metal and one ligand.6*7 

The second main approach, due to SillCn and co-workers, is used in programs em- 
ploying the “LETAGROP” or “pit-mapping” approach,s-ll With this technique the 
problem is still to minimize an error-square sum, but now this IS defined as a function 
of the n variables, which may be expressed as a paraboloid in (rz + 1) dimensional 
space, and the cafculation is designed to seek the minimum or “pit” in such a surface. 

These methods have been used for individual systems containing more than one 
metal or hgand (where mixed complexes may be formed), and a general method has 
been described for treating data for these systems, but its use was restricted to systems 
con~l~ing only one unknown constant.1z 

This paper describes a new computer program, SCOGS (stability constants of 
generalized species), which employs the conventional non-linear least-squares ap 
preach. The program is written m FORTRAN IV. It is capable of calculatmg simul- 
taneously, or individually~ association constants for any of the species formed in 
systems containing up to two metals and two ligands, provided that the degree of 
complex formation is pH-dependent. The method can readily be extended to deal 
with more complicated systems. Thus SCOGS, like GAUSS, may be used to analyse 
appropriate pH titration data to yield acid association constants (and hence piu,‘s), 
metal-ion hydrolysis constants, stability constants of simple complexes (ML, Iv&, 

* This work was camed out in the Department of Medlcal Chemistry, Australian Natlonal 
Umvernty, Canberra, Australia. 
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etc.) and stability constants of polynuclear species M2La, M,L,H, M,L,0H2, etc.). In 
addition SCOGS may be used to calculate constants for “mixed” complexes containing 
two different metals, or two different ligands. In fact, for a mixture of two metals A, 
B and two ligands S, T, association constants may in principle be calculated with 
the program for any species j which can be described by the general formula 

where A,, Be, s$, T, are positive integers, or zero, and W, is a positive integer (for a 
hydrolysed species), zero, or a negative integer (for a protonated species). The con- 
stant calculated is the “practical” overall formation constant /?, given by the expression 

~~A,BB,SB,TT,(OH)W,I 

Is’ = [A]B’[B]Bj[S]Sj[T]Tj(OH}Wj 

where square brackets [ ] denote concentrations, and braces ( } denote activities. 
Here, and elsewhere in this paper, charges on ionic species are omitted for clarity. 

Main program 

The program is in three parts, the main program and two subroutines, one of which 
(SUB760) is a standard IBM matrix inversion routine, and will not be described fur- 
ther. 

The main program deals with the input of data, the setting up, and solution of 
the least-squares equations and the output of results. The general approach of the 
least-squares calculation has been described elsewhere,13 but some aspects of its 
application to the present program will be discussed here. 

The calculation of GAUSS consisted of minimizing the sum of the squares of the 
weighted residuals in “analytical hydrogen ion concentration”. The value of this 
quantity, a measure of the concentration of titratable acid present, varied considerably 
m the course of a titration, thus it appeared necessary in the calculation to apply a 
statistical weight equal to the reciprocal of the calculated variance of the residual. 
However it was observed that when a constant weight was applied negligible change in 
the calculated constants resulted. 

In SCOGS, refinement consists of minimizing the sum of the squares of residuals 
m titre, &RI, where, for the ith point, R, = (actual titre of base) - (titre calculated 
from input data using current estimates of the constants, and the experimental value 
of pH). The variance of R, is not expected to change as markedly during a series of 
experiments as it does when R, is defined in terms of analytical hydrogen ion concentra- 
tion, and for this reason constant (unit) weights have been used in this program. This 
simplifying step is further justified by the fact that where SCOGS and the weighted least- 
squares program GAUSS may be applied to the same experimental data, the two pro- 
grams yield constants which agree to within their estimated standard deviations. 

The calculation begins with the reading of the input data, formats and other 
details of which are provided, with a listing of the program, in the Appendix. The 
constitution of each species (i.e., values of B,, B,, s,, T, and w,) must be given together 
with an estimate of the overall formation constant. The present version of the program 
may be used for systems containing up to twenty complex species. If the value of any 
constant is accurately known, it may be retained at this value in the calculation, 
otherwise it may be adjusted by the computer to give the best fit to the data. 
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In accurate work it is usual to carry out titrations at several reagent concentrations. 
SCOGS will accept data for any number of experiments for a given system, up to a 
total of 200 titration readings, and the constants are then adjusted to fit all points 
simultaneously. For each experiment the initial conditions are read in, followed by 
the titration results. The computer then combines the data for individual experiments 
and subsequently the data for all experiments are treated together. Other input data 
are values for the ionic product of water and activity coefficient of hydrogen ion under 
the experimental condrtions, and finally the computer requires certain information 
relating to the execution of the calculation, number of cycles of refinement, the con- 
stants to be adjusted, etc. 

After reading the data and carrying out preliminary calculations, the computer 
begms to calculate for each experimental point the residuals and differential terms 
required for the solution of the least-squares equations. Initial estimates are first 
required for each free metal and free ligand concentration. These approximations are 
then improved iteratively in the subroutine COGSNR until they are satisfactory roots 
to the four simultaneous equations for total metal and total ligand concentrations. 
For the first point of an experiment the initial approximations are that free metal 
concentrations equal the total metal concentrations, and that the free ligand concentra- 
tions may be calculated by using the acid association constants of the ligands and 
assuming no complex formation. Similar initial estimates are used for the nth point 
when (owing to faulty data) the calculation has failed to converge satisfactorily for 
the (n - 1)th point. Under normal running the final values of the free metal and free 
ligand concentrations for the (n - 1)th pomt are used as initial estimates for the nth 
point. 

The free metal and free ligand concentrations calculated in this manner are used 
to calculate the concentrations of all species, and hence the analytical hydrogen ion 
concentration for each experimental point. This quantity is used in the main program 
to obtain the calculated titre, and thus the value of the residual Rp 

Progressing through each experimental point, the least-squares equations are 
built-up, and are solved by matrix inversion to yield the shifts m the constants. The 
improved constants are then calculated and prmted, together with their estimated 
standard deviations. This cycle is repeated a specified number of times, five usually 
being sufficient. On completion of the calculation a table is printed showing, for each 
experimental point, the pH, the experimental titre, the residual, the total concentrations 
of each metal and ligand, the concentrations of each free metal and free ligand, and 
finally the concentrations of each complex species. These quantities are all calculated 
from the final values of the constants. The computer then advances to the next set of 
experimental data, if more remain, or otherwise moves to the next program. 

A number of additional features aid the running of the program. If the increment 
specified in the input data for use in the numerical differentiation was too small, it is 
successively increased until the differential term becomes significant. The term is then 
calculated, and the increment is returned to its input value. In the case of non-con- 
vergence in subroutine COGSNR, the residual for the relevant point is set at zero and 
the calculation is continued. If this occurs more than thirty times in a calculation, 
that calculation is abandoned and the computer proceeds to the next set of data. 

When the shifts in the constants have been calculated, the computer checks their 
values and reduces any which are excessively large. Also a check is made that the 
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sum of the squares of the residuals is in fact less after adjustment of the constants than 
at the start of the cycle. If this IS not so then the shifts have been too great and the 
calculated shifts are divided by 2 and applied again. 

Subroutine COGSNR 

The subroutine COGSNR (concentrations of generalized species by the Newton- 
Raphson method) is used repeatedly to determine the concentrations of all species 
m the solution. It employs a generalized form of the Newton-Raphson iteration 
which has been widely used m the solution of problems involving one or two 
non-linear equations. l* The method may however be applied to more complicated 
problems and its use in solving up to four simultaneous non-linear equations will be 
discussed here 

Let us assume that the total concentrations of the metals A and B, and hgands 
S and T are A, B, S, and T respectively, and the concentrations of the free (i e. 
unassociated) components are a, b, s and t respectively. Let these components to be 
in equilibrium with a series of n complex species, each of which may be described by 
the general formula above. The concentration of thejth species will then be 

C, = B,adlbB~SS~tT,{OH)~j. 

We may now define a series of functions fQ, f6, fs and ft in terms of the experimental 
and calculated total concentrations of each component. 

fa = Aexpt - Aoaio = Aexpt - (a + ,%1 4,) 

fb = Be,,, - Bclt~c = Bexpt - (b + ,z $J 

fs = Sexpt - Lc = Rexpt - (s + ,$ v3 

ft = Texpt - Toalo = Sexpt - 0 + j$l ~,c,> 

If a, b, s and t were accurately known, the values of all these functions would be 
zero. But we can only estimate these quantities, and then we require to calculate the 
shifts m the values of a, b, s and t (i.e., x,, xb, x, and XJ which will simultaneously 
minimize the functions. Expanding by Taylor’s series we obtain four simultaneous 
equations: 

fa + &"xa + gabxb + gasx, + gbtxt = o 

fb + gbaxa + gbbXb + gbSX, + gbtxt = o 

fs + gsaxa + gsbXb + &“x, + gstxt = o 

ft + gt% + gtbXb + gtsx, + gttxt = o 

m which g,” = $cf,), g,b = $(f.) etc. Expressed m matrix notation this becomes: 

glz” gab g,” &?a 

gbe g,b g,s 8,’ 

gs” g,b g,” gst 

gta gtb gts gt t 
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Solution of the equations for x,, x~, etc. by matrix inversion yields the shifts 
which are then applied to a, b, etc. 

In the program described the matrix is built up in four parts, and the calculation 
is slightly simplified by determining the fractional shifts, i.e., x,/a, x,/b, etc. The 
matrix is symmetrlcal about the diagonal. After application of the shifts the new values 
of a, b, s and t are used to calculate improved values off=, fb, fs and ft, and thS: process 
is repeated until the values of these functions are within specified convergence limits. 
In the present version of the program these hmits have been set at 0 00001% of A, B, S 
and T respectively. When satisfactory convergence has been achieved the concen- 
tration of each species is calculated, as is the analytical hydrogen ion concentration. 

The latter quantity (HO in the subroutine) is calculated from an equation of the 
form 

Ho = -9+1- {OH-I 
f* 

-,iI1 WA 

where f* denotes the activity coefficient under the experimental conditions. HO, 
and the various species concentrations, are then returned to the main program. 

The subroutine as listed could be used for a system of any number of metals and 
ligands with changes only in the DIMENSION statement. For systems of up to two 
metals and two ligands it is very much faster than the subroutine COGS,16 which 
could also be used in such a calculation. However, for more complicated systems 
convergence with COGSNR is unreliable with the IBM 360/50 computer, despite the 
use of the DOUBLE PRECISION facility. The simpler program COGS is then 
preferable. 

The single subroutine COGSNR may be used unchanged when there are no metals 
present (i.e., pK, calculations), OP when there are no ligands present (i.e., metal 
hydrolysis calculations). In such cases, where there is only one ligand or one metal 
present, there is only one equation to be solved. The present subroutine is clearly less 
efficient for this purpose than one written to solve a single equation. However the 
difference in calculation time IS minimal, and it has proved convenient to employ 
the one subroutine for all types of calculation. 

CONCLUSIONS 

This program has been used successfully in the refinement of data for all of the 
various types of system for which it was designed. Where both programs are apphc- 
able, the results of programs GAUSS and SCOGS are identical, but SCOGS greatly 
extends the range of systems which may be studled. When the presence of polynuclear 
complexes is suspected, the new program may be used, as was GAUSS, in the testing 
of a variety of species, m the search for the set most hkely. Where mixed complexes 
are present these may now be calculated from titration data as easily as may those for 
simple complexes. l6 Furthermore no approximations need be made for this calcula- 
tlon to be possible. It is not, for instance, necessary to assume that in a mixture of 
complexes any one species should predominate. 

The program may readily be modified to deal with a greater number of metals or 
ligands, and a version has already been used in calculating constants for a system of 
one metal with three ligands. l7 Such a system contains many complex species and it is 
necessary to carry out a large number of titrations, and to analyse the data from each 
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in order to calculate in turn the constants for the various complexes present. However, 
this may now be done by usmg the program. There remains, however, one serious 
hmitatlon to the usefulness of programs of this type. Where reliable constants are to be 
calculated for many coexistent species, rt is essential to have experimental data of the 
highest attainable accuracy, covering a wide range of experimental concentrations and 
acidities. Where these conditions are not satisfied the indiscriminate use of these 
powerful methods may still yield erroneous species or inaccurate constants. 
Acknowledgement-The author thanks Dr. D. D. Perrm for helpful discussions, and the Austrahan 
Nattonal Umverslty for a Scholarshtp 

APPENDIX 
Listed below are the data required by the computer to run program SCOGS Each “job” consists 

of an experiment (i.e , tttratton), or set of experiments, relating to a given system. Constants are 
adjusted stmultaneously to fit as many experiments as are Included m theJob. The program IS designed 
to treat any number of jobs m turn up to the number spectfied in the input data. After completion of 
this number of jobs the computer passes on to the next program. 

Input data andformats 

1 

z 
4 

z 

7 

8 

9 

10 

11 

12 

13 

Number of jobs to be calculated, (12). 
Number of expenments m the set of experiments under study, (12). 
Number of ligands, number of metals, number of complex species formed (mcludmg pro- 
tonated forms of hgand, hydrolysed metal species, etc ), (312). 
For each species a card describing its composition, I.e., number of atoms of ligand (l), 
ligand (2), metal (l), metal (2), number of hydroxyl groups (a posmve integer) or of protons 
(a negative integer), and the logarithm to base 10 of the cumulattve association constant, 
(512, F8.4). 
Number of drsplaceable protons on hgand (l), and on hgand (2), (212). 
Title of experiment; any characters m columns l-80, (2OA4). This will be printed as heading 
of output sheet. 
Imttal concentrattons of metal (l), metal (2), hgand (1), ligand (2), and inorganic acid (If 
anv nresent). concentration of tttrant base, and total initial volume. (7F10.3). Concentrations 
ard ixpress&l in mole/litre, volumes in ml. 
A card for each titration-reading bearing values of tttre of base, of pH, and of INDEX (a 
quantity whtch is zero for all but the last reading of the experiment when INDEX = l), 
(2FlO 5,4X, 11) 
Then return to item 6 to read data for next experiment and repeat until data for all the 
experiments, as indicated by item 2, have been read. 
The next card carries the logarithm to base 10 of the tonic product of water, and the activity 
coefficient of hydrogen ion under the condmons of the experiment (e g., at 2O”C, I = 0.1, 
CKWL = -14.167 and F = 0 78), (2F8.4) 
The number of cycles desned, five being usually sufficient, followed by the number of con- 
stants to be varied, (212). 
A card for each constant to be varied giving the index of the constant (corresponding to the 
order specified m item 4), and the increment to be applied (as a logarithm) to the constant 
m the numerical dtfferentlatton (e.g., + 14OOE-03, which increments the constant by about 
0 3 %), (12, E10.3). 
The computer now returns to item 2 to commence refinement of another set of experiments, 
unless the total number of lobs, as indicated m item 1, has been treated, when this program 
ends and the computer advances to the next program. 

Variables used in program SCOGS 

AC(K) Initial concentratton of inorganic acid for experiment of whtch pomt K IS a part 
ACID Initial concentration of inorganic acid. 
AL&J) Number of atoms of hgand I in species J. 

::I;J) 
Number of atoms of metal I in species J. 
Number of hydroxy groups m species J. 

B(I) 
BA(K) 
BASE 
BBO,K) 

Assoctatton constant for species I in exponential form 
Concentratton of tltrant base used m experiment of which point K is a part, 
Concentration of titrant base. 
Total concentration of metal I at point K. 
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CC(II,JJ) 
CK(I1) 
CKW 
CKWL 
CL(I,K) 
CT 
CT1 
CT2 
CT3 
CTITR 
DEQ 
DM(1) 
DM+(I) 
DTITR 
E(J) 
ENDP(1) 

EORIG(1) 

%I) 
HORIG(1) 
I 
ICC 
ICI-W 
IEOS 
IFR(NEXP) 
IG(Ij 
II 
INDEX 
INEXP 
INCCH 
10s 
IS 
ITN 
J 
Jl 
JJ 
K 
Kl 
KK 
KJ 
KTN 
L 
LTN 

z1,n 
MM(I,J) 
MN(J) 
MTN 
N 
NCC 
NCD 
NCV 
NDP(1) 
NEXP 
NINCCH(K) 
NIT 
NJ 
NJD 
NL 

Elements of least-squares matrix, which is inverted. 
Concentration of complex species I. 
Elements of least-squares matrrx before inversion. 
Constant vector. 
Ionic product of water. 
Ionic product as logarithm to base 10 (e.g., -14.167). 
Total concentration of ligand I at pomt K. 
Calculated tltre. 
Calculated titre with origmal constant. 
Calculated tltre wtth constant incremented. 
Calculated trtre with constant decremented. 
Calculated tttre. 
Differential term in settmg up normal equations. 
Term used m calculatmg mrtral estimate of TX(I). 
Term used m calculatmg initial estimate of TX(I). 
Value of experimental titre for pomt m question. 
Assocratlon constant for specres J expressed as logarithm to base 10. 
Number of displaceable protons on hgand I in form m which hgand was added to 
solution. 
Reserves value of E(I) at start of each cycle. 
Activity coefficient of hydrogen ion. 
Increment to be apphed to constant E(J) in dtfferentratron. 
Reserves value of H(1). 
Index used among other thmgs to identify a metal or hgand. 
Index used to control numerical dnferenttatron. 
Index = 1 d increment changed for adjustable constant J. 
Indicator for extreme oversluft = 1 d shift greater than 1 log umt. 
Indicator for first reading of experment number NEXP. 
Index for variable constant number. 
Variable index used m settmg up matrix. 
Index greater than zero for last point of experiment. 
Index for number of experiments in set. 
Index = 1 if mcrement changed 
Indicator for overshlft = 1 tf shift greater than O-5 log umt. 
Index used to identify constants to be adjusted. 
Index for total number of readings m set of experiments. 
Index used among other thmgs to identrfy complex species number. 
Integer used in some DO loops. 
Variable index used m setting up matrix. 
Index used among other thmgs to identify experimental pomt number. 
Integer used in some DO loops. 
Index = 1 if last cycle of refinement complete. 
Reserves values of K. 
Counter used in assembling data from several experiments. 
Index = 0 after printing of standard deviation in tltre with initial constants 
Counter used m assembling data from several experiments. 
Index used m control of numerical dtfferentiatlon. 
Number of atoms of hgand I m species J. 
Number of atoms of metal I m species J. 
Number of hydroxyl groups in species J. 
Counter used m assemblmg data from several experiments. 
Number of complex species. 
Number of cycles calculated. 
Number of cycles desired. 
Number of constants to be varied 
Number of displaceable protons on hgand I. 
Number of experiments to be considered simultaneously. 
Number of times increment H changed for pomt K. 
Number of iterations m SUBROUTINE COGSNR. 
Number of Jobs to be calculated. 
Number of jobs done. 
Number of hgands. 
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NM 
NNCI 
NOR 
R 

::R 
SQRO 
SQm 
TITLE 
TITR(K) 
TITRE(K) 
TL(I) 
TM(I) 
TURM(K) 
TX(I) 
U(K) 
ux 
UXS(K) 
V(K) 
VOL 
VOLl 
VX(I) 
X(I) 
Xl 

Esg 
Y3(I) 
YA 
YR 
ZR(I,K) 

Number of metals 
Number of non-convergent rteratrons in COGSNR. 
Number of trtratron readings m single experiment. 
Residual. 
Value of residual before increment applied. 
Sum of squares of residuals with improved constants. 
Sum of squares of residuals with imtral constants 
Standard devratron m trtre with mitral constants. 
Array which stores title of experiment. 
Experimental trtre for pomt K of experrmental set 
Experimental trtre for point K of single experiment. 
Total concentratron of hgand I m single experiment 
Total concentration of metal I in single experiment. 
Sums concentration of acid added as ligands. 
Current estimate of concentration of free hgand I. 
nH at nomt K of experimental set (as logarrthm). 
Antilogarithm of pH for a given single point 
Antrlo!zarrthm of nH at nomt K of exnerimental set 
Imtral Volume of gxperrment of which homt K 1s a part. 
Initial volume for a given experiment. 
Total volume at a given point of an expenment. 
Current estimate of concentration of free metal I 
Shift to be applied to variable constant I. 
Estimated standard devratron m constant. 
Absolute value of X(1) 
Convergence limit for iteration to find total concentratron of metal I. 
Convergence limit for iteration to tind total concentration of hgand I. 
Variance in titre with improved constants. 
Standard devratron m trtre wrth new constants. 
Total concentration of metal I at point K. 
Total concentration of hgand I at pomt K. 
pH at pomt K of grven experiment. 

Variables used only m SUBROUTINE COGSNR 

ALO(1) Total concentratron of hgand I. 
RO(I) Total concentratron of metal I. 
C(K) Concentratron of species K. 
HO Analytrcal hydrogen ran concentration. 
IMNM Variable used m setting up matrix. 
JMNM Variable used in setting up matrix. 
Ml Variable used in setting up matrix. 

sM&I,J) 
Variable used m setting up matrix. 
Elements of inverted matrrx. 
Elements of matrix before inversion. 
Elements of constant vector. 
Fractional shift m concentratron. 
Variable used m computmg species concentrations. 
Variable used in computmg species concentratrons. 
Convergence parameter for total concentration of metal I. 
Convergence parameter for total concentration of hgand I. Iteration ceases when 
Y2(1) < Yl(1) and Y4(1) < Y3(1) for all values of I. 

:%?J-) 
SHFT(1) 
TERM(K) 
TERN(K) 
Y2(I) 
Y4(I) 
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PROGRAM SCOGS 

PROGRAM SCOGS 

THIS PROGRAM IS WRITTEN IN FORTRAN IVIEI 

1405 

0001 

0002 

0003 

0004 
0005 
0”Oh 
0007 
OOOR 
0009 
0010 
0011 
0012 
0013 
0014 
0015 

99 FflRMAT I121 
101 FORMAT I121 
102 FflRMAT 12OA41 
103 FflRMAT (IX,ZOA41 
104 FORMAT I//RX,‘Ll L2 Ml HZ OH LOG.BETA’/l 

OOlh 
0017 
0018 
0019 
0020 

105 FORMAT 13121 
107 FORMAT 1512.F8.41 
10R FORMAT I1X,13,2X,5~2X,121,3X,F8.41 
110 FflRMAT 12121 
111 FflRMAT(/’ NOPl’rIl,‘l = ‘,I21 
113 FORMAT (7F10.31 
114 FnRMAT I 1 INITIAL CONDITIONS’/’ Ml=‘.FlO.E,’ HZ=‘rF10.81’ Ll=‘,Fl 

lO.R, LZ=‘,FlO.R,’ AClO=‘,F10,8,’ RASE”,FlO.B,’ TOTAL VOLUME=‘,F7 
2.31 

116 FnRMAT (2F10.5.4X,Ill 
118 FORMAT{’ 1’,13,’ READINGSI’II 
122 FORMAT IZFR.41 
123 FORMAT t,’ CKWL=‘rF7.3,5X,‘F=‘.F5.2/1 
124 FORMAT (/’ NUMHER OF PARAMETERS ‘.12/’ TOTAL NUMBER OF READINGS 

0021 
0022 
0023 
0024 
0025 

1 ‘,13/l 
126 FORMAT 112,E10.31 
173 FORMAT f,’ INCREMENT FOR VAR148LE CONSTANT ‘rl21’ RAlStO’l 
175 FflRHAT I/’ INCREMENTS CHANGED FOR ‘rl3,’ POINTISI’I 
lR2 FORMAT 1,’ OVERSHIFT, VARIABLE CONSTANT NO. ‘rI2,’ X(ll=‘,lPE10.31 
183 :%?MAT I/’ EXTREME OVERSHIFT, VARIARLE CONSTANT NO. ‘,12,’ XIII-‘, 

ll~F10.31 
0026 196 FORMAT t,’ THE STANDARD OEVIATIOI~ IN TITRE WIT” THE INPUT CONSTANT 

0027 
002R 
0029 
0030 
““3 I 
on3 2 

1s IS ‘.lPE11.4/1 
197 FORMAT (I’ THE STANDARD OEVIATION IN TITRE IS ‘11PE11.41 
201 FORMAT (I’ Xl NEGATIVE’) 
202 FORMAT ~1X,12,F12.4.FR.4,2X,‘SHIFT=‘,F7.41 

0033 

206 FORMAT 1,’ HALF SHIFTS APPLIED FOR NEXT CYCLE’) 
207 FnRMAT I,’ CYCLES CALCULATED ‘,I21 
209 FORMAT I//2X,‘K’,3X,‘PH’,5X,‘TITRE’r5X1’RESIO’,6X,’TMl’,~X.‘TN2’,~ 

lX,‘TLl’,RX,‘TL2’,RX,~FMl~,~X,~FM2’,~X,’FLl’,~X,‘FL2’1 
210 FORMAT I17X,‘C1’,9X,‘C2’,9X,‘C3 ‘,9X,‘C4’,9X,‘C5’,9X,‘C6’,9X,‘C7’,9 

1X,‘CR’,9X1’C9’,8X,‘C10’1 
0034 

on35 
11036 
0037 
003R 

211 FnRMAT l~X,‘Cll’,AX,‘Cl2’,8X.‘Cl3’,~X,‘Cl4’ ,BX,‘ClS’rBX,‘Clb’rBX,’ 
lC17’ ,RX.‘CIR’.~X,‘C19’rRX,‘C20’/1 

FnRMAT ~1X,13/4X,Fh.3,2F11.6,fi~1X,1PE10.311 
FORMAT (RX, 101 lX.lPF10.31 I 

212 
213 
214 
999 

C 
C 
C 

FORMAT l5X,10~1X,1PE10.311 
FORMAT I It311 

READS IN DATA 

0039 
0040 
004 1 
0042 
0043 
0044 
on45 
“04h 
no47 
0048 
““49 
0050 
““5 1 
“05 7 
0053 
“054 
on55 
005h 
0057 

10; 

RFAO 11,99l NJ 
NJn=O 
WRITF (3.9991 
READ (1,101, INEXP 
READ ( I,1051 NL,NM,N 
On 106 J=i.N 

10h 

109 

117 

23 1 

RFAI) ( 1, 1071 IMLIl,Jl,l=lr2l,lMM~l,Jl,l=lr2l,MNIJI,EIJl 
no in9 J=l,N 
ANlJl=MNIJI 
no 109 1=1,2 
AL(I,Jl=ML(I,Jl 
AM~l,Jl=HMll,Jl 
READ ll,llOl INOPIIl,I=l,2l 
nn 112 I=1.2 
FNOP~Il=NOPIII 
,TNrO 

nn 231 I=l,lO 
IFR(Il=0 
no 121 NEXP=lrINEXP 

C 
c 
C 

RFAIJS IN TITRATION DATA FOR INDIVIDUAL EXPERlHENT 

005R 
nn59 
onho 
006 1 

RFAO I lrlO21 TITLE 
WRITE ,3,1”31 TITLE 
RFAO (l.ii3rl 
WRITF (3,114) 



1406 

0062 

0063 
0064 
0065 

OObh 
0067 
OObR 

0069 

0070 
007 1 
0072 

no73 
0074 
0075 

007h 

0077 
007R 
0079 

0080 

008 1 
0082 
0083 
DOR4 
0085 

OORh 
nnR7 
OORR 
0089 
0090 
009 1 
no9 2 
on93 
on94 
0095 
0096 
on97 
mu 
no99 
0100 

0101 
0102 
0103 
0104 
0105 
nioh 
0107 
OlOA 
0109 
0110 
0111 
0112 
0113 
0114 
nil5 
0116 
0117 
0118 
0119 
ni20 
0121 
0122 
0123 
0124 
0125 
nl2h 
0127 
012A 
0129 
0130 
0131 
0132 
0133 
0134 

0135 

:1:3376 
013R 
0139 
11140 

115 

117 

119 

120 
121 

1210 

301 

127 
c 
c 
c 

129 

I. G. SAYCE 

K=O 
KK.0 
K-K+1 
REAO llrllb) TlTREIKl~ZUlKl~INOEX 
IF IINDEX) 117,115,117 
NOR-K 

WRITE 1311181 NOR 
DO 119 K=l,NOR 
VOLl=VOL+TITRElKI 
DO 119 I=192 
ZBiI.K,=TMlI,*VOL/VOL1 
ZLlI,KI=TLlIl*VOL/VOLI 
KTN=ITN+l 
IFRlNEXP)=KTN 
LTN=ITN+NOR 

COMBINES DATA FOR INDIVIDUAL EXPERIMENTS 

“0 120 K=KTN,LTN 
MTN=K-ITN 
UlKI=ZUlMTNJ 
AClKl=ACID 
RAlKl=BASE 
VIKI=VOL 
TIT~lK~=TITREIHTNl 
DO 120 1=1,2 
BBII,K~=ZRII,HTN~ 
CLlI,Kl=ZLlI,HTNJ 
ITN=ITN+NOR 
DO 1210 K=l,ITN 
TURHlKl=CLI lrKl*ENDPll )+CLlZ,K)*ENDPl2l 
WRITE 13.1111 lI,NDPlIl,I=I,NLl 
WRITE I311041 
DO 301 J=lrN 
WRITE 13.108) J.IMLlI,Jl,I=lr21,lHHlIrJ)rI=1,2l,HNlJl,ElJl 
RFAD (1,122) CKWL,F 
WRITF (3,123) CKWL,F 
WRITE 13,124) NtITN 
READ l1.110) NCD,NCV 
DO 127 I=l,NCV 
READ 11,126) IGIIl,HlIl 
HORIGlI)=HlII 

AEGINS REFINEMENT 

NCC=O 
ICC=0 
CKW=lO.“*CKWL 
DCJ 129 K=l,ITN 
IIXSIKI=ln.+*UlKl 
Dfl 1290 I=l,Z 
TXIIl=O.D 

1290 VXII)=O.O 

sai~n. 0 
SORO=O. 0 
INCCH=O 
DO 131 K=lrITN 

131 NINCCHlKl=O 
DO 132 J=lrN 

132 EDRIGlJ)=EIJl 
DO 133 J=lr20 
ICHI Jl=O 
CKIJI=O.O 
DO 133 Jl=l,ZO 

133 CCI J, Jl)=O.O 
L=o 

134 K=l 
NEXP=l 

135 DO 136 I-l,2 
BTOTlI1=BBlIrKl 

136 CLTOTlII=CLII,K) 
J=O 
ME0 
IJX=UXSlKI 
DO 13R I=ltZ 
VllI)=BTOTlI)*0.0000OOl 

13R V3lIl=CLTOTlIl*0.0000001 

E DETERMINES INITIAL ESTIMATE FOR FREE METAL AND FREE LIGAND CONCENTRATIONS 
C 

IF IICC-11 139r1401140 
139 IF IK-IFRINEXPII 1421143,142 
142 IF (NIT-991 14011411141 
143 NEXP=NEXP+l 
141 DO 144 I=lrNH 
144 VXIII-BTOTII) 
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0141 
0142 
0143 
0144 
0145 
0146 
0147 
014R 
0149 
0150 
0151 
0152 
0153 
0154 
0155 

0156 

0157 
015R 
0159 
0160 
0161 
0162 
0163 
Olb4 
0165 
0166 
0167 
OlbR 
Dlh9 
0170 

0171 
0172 
0173 
0174 
0175 
0176 
0177 
0178 
ni79 
nlR0 
01111 
nit32 

0183 
OlR4 
01R5 
0186 
0187 
OlRR 
0189 
0190 
0191 
0192 
0193 
0194 
0195 

0196 
0197 
0198 
0199 
0200 
0201 
0202 
0203 
n704 
"205 
nzoh 
0207 
0208 
0209 
0210 
0211 

147 

148 

146 

145 
140 
149 

C 
C 
C 
C 

C 

150 

221 
220 
152 
154 

155 

C 
C 
C 

lb0 

156 

157 

159 
C 

E 
C 

158 

161 

C 
C 
c 

162 

DO 146 I=l,NL 
DMYII)=l.O 
DO 146 Jl=l.N 
IF IML~1.J111146,146,147 
DO 14R Kl=l,NM 
IF lMM(Kl,Jll~ 146,148,146 
CONTINUE 
DMIII=10.**EIJll*UX~*MNlJl) 
DMY(Il=DMY(I)+DMII) 
CONTINUE 
DO 145 I=lrNL 
TX~I)=CLTOTlIl/OHYlI~ 
DO 149 I-1rN 
EIIl=1O.**E~Il 
KJ=K 

CALLS SUBROUTINE FOR CALCULATION OF ALL FREE METAL, FREE LIGAND, AND 
SPECIES CONCENTRATIONS 

CALL COGSNR 

IF (NNCI-301 150,215,215 
CTITR=V(K~*lTURM~K)+ACo-HO)/~EA~K)-TURMiK)+HOl 
CT=CTITR 
DTITRzTITRIKl 
R=CTITR-DTITR 
IF INIT-100) 22012201221 
R=O.O 
IF IKKl 1521152.153 
IF (L-11 154,216,216 
M=M+l 
GO Tn (155.156.157).M 
SORO=SORO+iiR 
CTl=CTlTR 
RO=R 

BEGINS NUMERICAL DIFFERENTIATION 

J=J+I 
IS=IGIJI 
EfISl=EORIGlISl+HfJI 
ICC=!CC+l 
GO TD 140 
CTZ=CTITR 
EIISl=EORIGIISl-HIJI 
GO TO 140 
CT3=CTITR 
ElIS)=EDRIG~ISl 
IF ICTZ-CT31 15R,159,15R 
M=l 

INCREASES INCREMENT USED IN NUMERICAL DIFFERENTIATION, IF THIS WAS TOO 
SMALL 

HfJ)=H(Jl*5.0 
INCCH=l 
ICHl.li=l 
NINCCHfK)=l 
Gn TO lb0 
flE(Jl=lCT2-CT3~/l2.~~Ho) 
HIJI=HORIGlJI 
IF IJ-NCVI 161,162,162 
J-J+1 
ME1 

IS=IGfJ) 
EIIS~=EORIGIIS1+HIJI 
GO TO 140 

SFTS UP MATRIX 

DO 167 II=lrNCV 
CKlIIl=CKIIII-Rfl*OElIIl 
100 lb3 JJ=l,NCV 

163 CClII,JJl=CClII,JJ)+OE~II),DE(JJI 
lb4 K=K+l 

Icc=n 
IF (K-ITNI135r135r167 

167 DD lb8 I=l.NCV 
Dfl 168 J=l,NCV 

Ihfl RCli.Jl=cC~I,J) 
IF IINCCHI 169,169,170 

170 no 171 I=l,NCV 
IF IICHIIII 1711171,172 

172 WRITE (3,173) I 
171 CnNTlNUE 

NIGH-n 
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0212 
0213 
0714 
0215 

0216 

0217 
0218 
0219 
0220 
0221 
0222 
0223 
0224 
0225 

0226 
0227 
022R 
0229 
0230 
0231 
0232 
0233 
0234 
0235 
0236 
0237 
023R 
0239 
0240 
0241 
0242 
0243 
0244 
0245 
0246 
0247 
0248 
0249 
0250 
0251 

0252 
0253 
0254 
0255 
0256 
0257 
025R 
0259 
0260 

0261 
0262 
0263 
0264 
0265 
0266 
0267 
O26R 

0269 
0270 
0271 
0272 
0273 
0274 
0275 
0276 
0277 

174 

C 
C 
C 

169 
C 

176 

DO 174 l=lrITN 
NICH.NtCH+NINCCHL I ) 
NINCCHL I I=0 
WRITE (3,175) NICH 

CALLS MATRIX INVERSION SUBROUTINE, AND SOLVES FOR SHIFTS 

CALL SUB76OIBC,NCV) 

177 

DO 176 I=l,NCV 
XLII=O.O 
DO 177 I=l,NCV 
DO 177 J=l,NCV 
XIII=k(I)+RClI,JI”CK(J) 
IEOS=O 

C 
C 
C 

c" 

180 
1Rl 

IOS=O 
DO 178 I=lrNCV 
XAR=DARSlXLI)l 

CHECKS SIZE OF SHIFT AND IF GREATER’THAN 1 LOG UNIT REDUCES SHIFT TO 
0.5. IF ANY SHIFT WAS GREATER THAN 0.5 RUT NONE WERE GRtATER THAN 1 
REDUCES ALL SHIFTS TO HALF VALUE. PRINTS APPKUPRIATE MESSAGE 

179 

17R 

185 

18R 
167 

189 
186 

184 
191 
192 
190 

193 

194 
C 

E 

195 

IF II.-XAB) 179rlR0,lRO 
IF (0.5-XAB) 18lr178117R 
IrlS=l 
WRITE 13,182) 1,X(I) 
GO TO 17R 
IEflS-1 
WRITE T3.193) 1,X11) 
CONTINUE 
IF IIEnSl lR4118411R5 
DO 186 I=I,NCV 
IF Il.-XII)) 187rlR7,18R 
IF Il.+X(I)) 189,189rlRh 
XIII-O.5 
GO TO 186 
X(1)=-0.5 
CONTINUE 
GO TO 190 
IF IIOS, 19011901191 
DO 192 I=l,NCV 
XII)=0.5tXTI) 
SORO=SDRO/FLflATLITN-NCV) 
00 193 I=l,NCV 
IS=IGlI) 
EIISl=EORIGlIS~+X~I~ 
IF (NCC-I) 194.1941195 
SORP=SORTlSDRO) 

PRINTS STANDARD DEVIATION IN TITRE WITH INITIAL CONSTANTS 

216 

217 

C 
C 
C 

WRITE 13,196) SORP 
L=L+l 
ICC=0 
GO TO 134 
SDR=SDR+R*R 
K=K+l 
IF (K-ITPI) 135,135,217 

YA=SOR/FLOATlITN-NCV) 
YB=SDRTlYAT 

PRINTS STANDARD DEVMTION IN TITRE WITH NEW CONSTANTS 

WRITE (3,197) YB 
00 19R I=l,NCV 
IS=IG(I) 

199 

Xl=ECII,I)*YA 
IF 1x1) 199,200,200 
x1=-x1 
WRITE 13,201) 

200 Xl=SDRTlXl) 
C 
C PRINTS IMPROVED CONSTANTS, ESTIMATED STANDARD DEVIATIONS, AND SHIFTS 
C FRflM FORMER VALUES 
C 

198 WRITE 13,202) IS,ETISI,Xl,XII) 
IF ISDRO-YAI 2031204,204 

203 DO 205 I=lrNCV 
IS=IGlI) 
XlI)=O.S*XTIT 

205 ELIS)=ElISI-X(I) 
WRITE 13,206) 

204 WRITE 13,207) NCC 
IF INCC-NCD) 130,208,208 

C 

E 
AFTER FINAL CYCLE OF REFINEMENT CALCULATES AND PRINTS TABULATION 
DUANTITIES OF INTEREST USING FINAL VALUES OF CONSTANTS 

OF 

027R 
C 

2OR KK=I 
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0279 
0280 
0281 
02RZ 
0263 
0284 
0285 

0286 
02R7 
0288 
0289 
0290 
029X 
0292 
0293 
0294 

0001 

0002 

0003 

0004 

0005 

0006 
0007 
0008 
OOW 
no10 
on11 
DO12 
0013 
0014 
on15 
0016 
0017 
OOIR 
0019 
0020 

0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 

0032 
0033 
0034 
0035 
0036 
0037 
0038 
0039 
0040 
0041 
0042 
0043 

no44 
0045 
0046 
0047 
004R 
0049 
0050 

7 

DO 230 1=1.20 
230 CIII-0.0 

WRITE 13.2091 
WRITE L3.2101 
WRITE 13rZllJ 
GO TO 134 

153 MRITE 13r2121 K,UlKI,l~lR~KJ t R,88tlrKJ,BB12,KJ,tL~i,KJ,CL~2,Kl, 
1VX~lJ,VXiZJtTXI1~,TXIZ~ 

WRITE 13r213J ICIJJrJ=1,10J 
WRJTE (3,214) ICIJJ,J=llrZOl 
K=K+l 
IF IK-ITNI 135,135,215 

215 CONTINUE 
250 NJO=NJO+J 

IF INJO-NJJ 1,100011000 
1000 STOP 

ENII 

SURRCIUTINE COGSNR 
C 

DDUBLE PRECJSION TERMlZOJ,TERN(2OJ~CI2OJ,YllZJ,V2L2J,V3(2J.V4~ZJ, 
IRTflT~ZJ,CLTOTl2J,TXI2)1VX~2J,ROOrALOI2l~SEM~2O,2O~,SEI~2O,2OJ, 
2SEV~20I,SHFTI20lrR12OJ,HO 

C 
DJMENSION MLf2,201,MH~2,201,HNf20J,ALl2,20J,AM~2,20J,AN~20J 

C 
CDMHOFI C,V1,VZ,V3,V4,BTDT,CLTOT,TX,VX,HO,B, 

lML,MM.MN~AL,AH,AN~NL,NM,N,UX,F~CKW,NIl,NNCI,KJ 
c 

99R FORMAT f’ ITERATION DID NOT CONVERGE, POJNT NUMBER ‘.I31 

c” CALCULATES CONCENTRATION OF EACH SPECIES 
c 

NIT=0 
DO 1 K=lrN 

1 TER~(Kl=B~KJ*UX*~MN(KJ 
2 DR 3 K=l,N 
3 TERNIKI=TERMiKJ 

IF INMI 42.42.41 
41 00 4 K=l,N. 

Dfl 4 J=l,NM 
4 TERN(K1=TERN~KJ~VXtJl**MNlJ,Kl 

42 DO 5 K-IrN 
IF INLJ 515,50 

50 DO h J=l.NL 
h TfRNLKJ=iERNtKJ*TX(Jl**MJ_fJ,KJ 
5 C.fKJ=TERNfKf 

100 NiT=NIT+I 
c 
E CALCULATES EACH TOTAL METAL AND TOTAL LJGAND CONCENTRATION 
C 

DO 7 l=l.NM 
ROiiJ=YXLIJ 
00 R K=l,N 

R BO~IJ=RfllIJ+AH1I.KJ”C~KJ 
7 YZfIJ=DABSLBO(JJ-BTOTlIll 

DO 9 I=l.NL 
ALOfIJ=TXLIJ 
00 10 K=l,N 

10 ALO~Z~=ALOlJJ+AL(J,K~~C~KJ 
9 Y41IJ=DABSLALOfIJ-TLTDTLJJJ 

IF (NIT-1001 11,11,999 
C 
c CHECKS DEGREE OF CONVERGENCE 
C 

11 DfJ 12 I=lrNH 
IF 1~lfIl-YZfIJJ 14r12rl2 

12 COPITINLJE 
00 13 I=l,NL 
IF lV3lII-Y4lIJJ 14113113 

13 CONTINUE 
2000 HO=~./~JX-~KW*UX 

Hfl=HO IF 
DO 2001 J;I,N 

2001 Hfl=HD-ANIJJ*CIJJ 
IPT.IPT+l 
RETURN 

c 
c IF CONVERGENCE INSUFFJCIENT SET.5 UP, AN0 SOLVES, BATRiX FOR IMP- 
C ROVED VALUES OF EACH FREE METAL AN0 FREE LIGANO CONCENTRATJON 
c 

14 MJrNM+l 
“ZrNM+NL 

1070 DO 1001 I=lrfiZ 
DO 1001 J=I,M2 

1001 SEHfIrJl=O.O 
DO 1002 J=lrNH 

1002 SEMtJ,Il=-VXIIJ 
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0051 
005 2 
0053 
0054 
0055 
005h 
0057 
OOSR 

0059 
OOhO 

OOh 1 
0062 

0063 
0064 
0065 
0066 
0067 
OObR 

0069 

0070 
0071 

0072 
0073 
0074 

0075 
007h 
0077 

0078 

0079 
OORO 
0081 

0082 

0083 
0084 
nor35 
00Rh 
OOR7 
OORR 
0089 
0090 
009 1 
0092 
0093 
0094 
0095 
0096 
0097 

009R 
0099 
0100 
0101 
0102 

0001 SllRRnUTINE SU0760fA7hO,N7601 

0002 

no03 
0004 
0005 
0006 
0007 
OOOR 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
OOlh 

C 

C 
3 

DnllRLF PRECISION A760(?0.203 

7.55 

762 

763 
764 

nn 7h4 ~760=1,N7ho 
CM760=A760~K7h0,K7h0) 
A7601K7hO.K7h01=1.0 
DO 7h5 J76O=l.N76O 
A7hOIK7h0,J760~=A7hO~K7hO)/CM7h~~/CM7h~ 
on 7h4 17hO=l,N7hO 
1FI17h0-K7601762,7h4,762 
CM7ho=A7hO~I7h0.K7hO~ 
A7h011760,K7hOl=O.0 
DCI 7h3 J760=l,N7hO 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
CONT 1 NUE 
RETURN 
END 

1003 

1004 

DO 1003 I=Hl,MZ 
,MNM.,-NM 
SEHlI,Il=-TXfIMNHl 
00 1004 I=l,NH 
00 1004 J=l,NH 
DO 1004 K=l,N 
SEN(I,JI=SEMlI,J)-ClK~*A~lI,Kl”AMlJ,KI 
On 1005 I=Ml,MZ 
00 1005 J=l,NM 
DO 1005 K=l,N 
IMNM=I-NM 

1005 SEMlI,JI=SEM(lrJ)-CIKl~AMlJ,K~~AL~IMNM.Kl 
DO 1006 I=l,NM 
DO 1006 J=MlrMZ 
DO 1006 K=l,N 
JMNM= J-NM 

1006 

1007 

1OOR 

1009 

1010 

E 
C 

C 

1011 

1012 

1014 
1013 

1015 

1016 

c 
C 
C 

999 

SEMlI,J)=SEMII,J)-C~Kl~AMlI,K)~ALiJMNM,KI 
on 1007 I=Ml,MZ 
00 1007 J=MlrMZ 
DO 1007 K-1,N 
,HNM=I-NM 
JMNHE J-NM 
SEM~I.J~=SEHII,Jl-CIK~*ALlIHNM.K~~AL~JMNH,KI 
Dn 1OOR I=l.NN 
SEVIIl=-RTfl;~Il+RflIIl 
n0 1009 I=Ml,MZ 
IHNM=I-NH 
SEV(Il=-CLTOTIIMNHl+ALO~lMNMl 
Del 1010 1=1rM2 
DO 1010 J=lrMZ 
SEIII.Jl=SEHlI,J) 

CALLS MATRIX INVERSION SURKOUTINE 

CALL SUR7hO~SEI,M2I 

on 1011 I=l,MZ 
SHFTf I l=O.O 
00 1012 lalrM2 
n0 lo12 J=l,MZ 
SHFT~1l=SHFT~II+SEIllrJl*SEVlJ~ 
DO 1013 I=ltHZ 
IF (SHFT111+0.9999) 1014~101311013 
SHFTt I )=-0.9999 
CONTINUE 
DO 1015 I=l,NM 
VX~I~=VXIIl+VX~II”SHFTIIl 
nfl 1Olh I=MlrMZ 
K=I-NM 
TXlKl=TXIKl+TXIKl”SHFT(I) 
Gn Tn 2 

EXITS IF NO CONVERtFNfE AFTER 100 ITERATIONS 

WRITF l3r99AI KJ 
IPT=l 
NNCI=NNCI+l 
RETURN 
END 



Computer calculation of equthbrmm constants 1411 

Zusammenfassung-Em allgememes Rechenprogramm zur Inter- 
pretation von pH-Titrationsdaten m Gemischen wird beschrieben, dre 
dte Ionen von bis zu zwet Metallen und bis zu zwer Liganden enthalten 
Das Programm verwendet die nichtlmeare Methode der klemsten 
Quadrate. Es kann zur Berechnung der Gletchgewichtskonstanten 
hydrolyslerter Metallionen und protonierter Liganden dienen sowie 
fur einfache, protonierte, hydrolysterte, mehrkemige und gemischte 
Komplexe. 

RBsum~On d&crrt un programme general d’ordmateur pour l’mter- 
pretation des dorm& de titrage pH pour des melanges contenant 
lusqu’a deux ions metalliques et deux hgands. On peut utthser le 
programme qui emplore la methode des momdres car&s non lineaue 
pour calculer les constantes d%quihbre pour les ions m&tlhques 
hydrolys6s les hgands proton&s et les complexes samples, proton&s, 
hydrolyses, polynuclbtres et mtxtes. 
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POLAROGRAPHIC INVESTIGATION OF 
syn-PHENYL 2-PYRIDYL KETONE OXIME” 

L. W. HARRISON and G. E. CHENEY 
Department of Chemrstry, Acadia Umversrty, Wolfvdle, N.S., Canada 

(Received 30 January 1968. Accepted 25th March 1968) 

Summary-The polarograplnc reduction of syn-phenyl2-pyridyl ketone 
oxune to cc-(2-nvridvl&enzvlamine over the DH ranee @78-12.88 1s 
reported. Two’\;av&-are observed, both of whrch are’ pH-dependent 
The complex electrode reactron 1s discussed and a mechamsm advanced 
to descrrbe the reduction of the oxrme group over the pH range 
considered. 

THE syn-form of the compound phenyl 2-pyridyl ketone oxime (HPPK), has long 
been known to act as a chelating agent1s2 and has been used as an analytical 
reagent for various metal ions .3-7 A detailed study of the reaction between HPPK 
and copper(I1) in 50% v/v dioxan-water has been rep0rted.s The results were 
interpreted to suggest that a charged 2: 1 complex, [Cu(HPPK).j2+, may be formed 
which loses protons stepwise from the oxime groups on titration with alkali, ultimately 
yielding a neutral complex [Cu(PPK),]. 

There are several reasons for undertaking the present investigation; a need for the 
determination of HPPK under relatively strongly acidic conditions, for use m 
evaluating metal complex formation constants;* a need for a method of identifying 
the azomethine function, which is a fundamental group m a large number of macro- 
cycle ligands and their precursors;Q and possible use of HPPK m amperometric titra- 
tion of metal ions. 

Apparatus 
EXPERIMENTAL 

A Radiometer Polarrter PO4 was used. An H-type cell fitted wrth a medmm porosrty smtered- 
glass disc in the cross-arm had a 4% agar solutron saturated wrth potassmm chloride as the salt 
bridge and a saturated calomel electrode as reference. A coarse-porosrty smtered-glass gas-dispersion 
cylinder was budt mto the lower portron of the sample compartment to facrhtate de-aeratron wrth 
prepurrlied mtrogen. A second cell consrsted of a 150-ml beaker with a bakehte cover drilled to 
accommodate the D.M.E., salt-bridge, burette tip, and gas-drspersron cylmder; the reference 
electrode was a silver-silver chloride electrode immersed m saturated sodmm chlonde as recommended 
by Mertes and Moros.lo 

The cell resrstance were determmed according to Mertes .I1 
solutions mamtamed at 25.0 f 0-l”. 

All polarograms were recorded for 

The &curt for the controlled potential electrolysrs was that described by Mertes and Thornasl* 
The d c. source was a Heathkrt power supply; current was measured on a umversal Avometer and 
potentrals on a Rubicon Model 2730 potentrometer. 
design recommended by Mertes,ls 

The electrolysrs cell was of the double draphram 
eqmpped with a mercury pool working electrode, a saturated 

calomel reference electrode and a platmum auxdiary electrode 
A Perkm-Elmer Model 21 (sodnun chloride optrcs) was used to record the infrared spectra, and 

calibrated wrth tlnn polystyrene film. 

Reagents 

The preparation of syn-phenyl2-pyrrdyl ketone oxrme has been prevrously described %14 Ahquots 
of 1 x lo-*M aqueous stock solution were dduted with aqueous buffers to grve solutrons for 
polarography. 

* Abstracted from the Theses submrtted by L. W. Harrison m partial fulfillment of the reqmre- 
ments for the M.Sc degree at Acadia Umversrty, October 1966 

1413 
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Buffers, prepared from reagent grade chermcals and adjusted to constant iomc strength 0 1 wrth 
sodmm perchlorate, were: perchloric acid, formtc actd-sodmm formate; acettc acid-sodtum 
acetate; dmydrogen phosphate-monohydrogen phosphate; bicarbonate-carbonate; glycine-sodium 
hydroxide. 

cc-(2-Pyrtdyl)benzylamme was prepared electrochem:cally : HPPK (1.0 g) dissolved m 0 IA4 
hydrochlorrc actd (200 ml) was electrolysed for 4 hr m the double dtaphram cell wtth 0 l&f hydro- 
chloric acid m the second chamber, at 0 8 V vs. S C E., then neutrahzed wrth 1M sodmm hydroxide 
m an extractron flask. An or1 separated, and was extracted wrth three 25-ml portions of drethyl ether. 
The ether solutron was dried over anhydrous sodmm sulphate for 12 hr, and filtered, then hydrogen 
chlorrde was bubbled through the solutton and gave a wmte prectpttate immedtately Thts product 
was filtered off, recrystalhzed from ether, and dried at 110” (m.p. 242-4”; rmxed meltmg pomt wrth a 
sample differently preparedI showed no depression) x-(2-PyridyBbenzylamme was obtamed by 

1 
_ / -06 -08 -I 0 -I 2 

6 V vs Ag/AgCI 

FIG 1 .-Polarograms of 10-4M syn-phenylZ-pyrrdyl ketone oxime as a function of PH. 
/A = 0.1, pH A-0.78, D-1 77; C-3 00; D4+0, E-5 00, F-6.95. 

Cell resistance: 280 G. 

0 
-06 -0 8 -I 0 -I 2 -I 4 -I 6 -18 

E. V vs Aq/AgCL 

FIG 2.-Polarograms of 10-4Msyn-phenyl-2-pyrrdyl ketone oxrme as a functron of pH 
/I = 0 1; pH* F--6 95; G-9 00; H-9.68; I--10*25; J-11 89; K-12 88; 

Cell resistance: 280 R. 
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dissolving the hydrochloride (2 g) m water (25 ml), neutrahzmg ~th 1Msodmm hydroxide, extracting 
with three lo-ml portions of ether, drymg over anhydrous sodium sulphate, filtering, and evapor- 
atmg the ether. The amme was a colourless 011 slowly tummg yellow. The amine prepared 
electrochemlcally from HPPK and that prepared chemically had identical infrared spectra. 

RESULTS AND DISCUSSION 

Polarograms were obtained of 1.00 x 1O”‘M HPPK solutions buffered at pH O-78- 
12.88 (Figs. 1 and 2). 

At pH O-74 there was a slight change of +3 mV in E1,2 an hour after preparation, 
and a shift of $13 mV after 24 hr, but polarograms for the pH range 2-13 showed 
no change wrth time. 

Over the pH range 2-7, solutions of HPPK exhibited a well-defined cathodic wave 
(A), the Ells of which became more negative and the height less with increase m pH, 
the wave disappearing at approximately pH 11 (Table I). At pH 5, the height of wave 
A varied linearly with h,, ‘~2 of the mercury column and with concentratron of HPPK, 
indicatmg that wave A is diffusion-controlled at this pH. 

A second wave (B) appeared m polarograms of HPPK at approximately pH 7, 
increasmg in height with increase m pH, to a maximum at about pH 11, and then 
decreasing rapidly with further increase in pH (Table I). 

Although the height of wave A decreased slowly before wave B appeared, when the 
two waves were present the sum of their currents remained fairly constant (1.5 f O-1 

PA). 
In the acidic and weakly basic pH range, a poorly defined third wave (C) occurred 

just before the solution decomposition current appeared. The E1,2 of wave C varied 
with pH and the wave itself was completely obscured at pH values above 10. Wave C 
was not regarded as typical of the oxime group (vide infra) and was attributed to the 
reduction of the pyridinium grouping. A catalytic hydrogen wave for pyridme, 
similar in shape to wave C, has been reported by Tompkins and Schmidt16 and has El,, 
more negative than that for wave C (-1.5 V as. S.C.E.). However, picolinic acid 
has been reportedl’ to exhibit a wave with Eli2 = -1.17 V vs. S.C.E. at pH 5, and 
Elj2 = -1.5 V vs. S.C.E. at pH 9. The behaviour of this reduction wave of pzcolimc 
acid IS qmte szmllar to that of wave C. Wave C was not examined further. 

At pH values between O-78 and 3.00 the diffusion current constant I (Table I) is 
independent of PH. Over this range of pH values, HPPK is present in the bulk of the 
solution largely as the monoprotonated species, H,PPK+. Accordingly, equation (1) 
may be used to describe the overall reduction of HPPK: 

Support for equation (1) as the descrzptzon of the over-all reduction of HPPK 1s 
derived from the fact that the electrolysis product at pH ~1 is the corresponding 
protonated amine (z.e., the amme hydrochloride m hydrochloric acid medium). It is 
recognized that the products of the electrolytic and the polarographic reductions need 
not be identical, but, in general, the reduction product of an oxime group at the 
D M.E has been shown to be the corresponding amine. 18--e2 It is thus concluded that 
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HPPK undergoes polarographic reduction m acid solution to cc-(2-pyndyl)benzyl- 
amine. 

It is tempting to speculate on a possible mechanism for this reduction. The 
electrode reaction involving HPPK may perhaps best be described by assuming that 
it IS completely irreversible, i.e., the varlatlons of current with potential do not reflect 
the change m the position of the relevant equlhbria as described by the Nernst equa- 
tion, or, If a succession of electrode reactions is involved, then one or more of these 
steps may best be described as totally irreversible. Support for this view comes from 
the fact that a-(2-pyrldyl)benzylamme is not oxidizable under the conditions used 
in this investigation. 

The an, values23 for wave A vary from 0.62 to 1.32 (Table I). A simdar variation 
m an, values was reported for a-funldioxlme .21 The large values of an, are found in 
the region of the electrocapdlary maximum (-0.6 V vs. S.C.E.), the potential region 
where most organic compounds are likely to be adsorbed onto the mercury surface.24*26 
Accordingly, if the reducible species is positively charged, the apparent value of an, 
will pass through a maxlmum in the vicinity of the electrocapdlary maximum.z4 This 
is the observed behavlour for wave A of HPPK. This is further support for the inter- 
pretation (vide in@) that the electroactive species of HPPK giving rise to wave A IS 
positively charged. 

Over the pH region 1.7-3, an, for wave A is O-81, which could correspond to n = 1 
and a = O-81 or n = 2 and a = 0.4. The latter value of a would be more consistent 
with the general case,23 and since it is generally believed that electrons can be trans- 
ferred only singly in an electrode reaction, a value of 2 for n would imply that two 
successive steps cannot be resolved on the time scale implicit in a polarographic 
measurement. 

The value of q,,/d(pH)23 was found to be -78 mV and from the relationship 

dE1,2 -0.03915p 
-= 
dPH an, 

(2) 

a value of p = 1-l is obtained if an, = O-81. Such a value of p suggests that a one- 
proton transfer step occurs before or during the rate determining electron-transfer 
step. 

Similar values are obtained for wave B: thus dE&/dpH = -56 mV, end the 
correspondmg value of p IS 0 86, agam suggestmg a one-proton step m the reactlon 
sequence. 

The first step in the postulation of the mechamstlc sequence gving rise to either 
wave A or wave B would be to ldentlfy the electroactlve speaes. In thrs system under 
the conditions studied, there are three possible species which must be considered as 
electroactlve, or as precursors to the electroactive species. These are H,PPK+, HPPK 
and PPK-. As a first approximation, PPK- may be excluded, since the electrode 
reaction is reductive and the anion exists m the bulk of the solution to a sign&ant 
extent only at pH >9; this exclusion is in spite of the fact that wave B begins at pH = 
9 and as postulated below, the amon is not considered as a precursor in the reduction 
sequence. 

In the following, we propose to argue that both H,PPK+ and HPPK are precursors 
of an electroactlve species which we designate as HHPPK+ to mdlcate that a structural 
change may take place in H,PPK+ (cJ MairanovskF). Table II summarizes the 
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distribution of the speaes of HPPK as a function of pH, the pH domams of exclusive 
existence being <2 for H,PPK+, 5.5-9-O for HPPK and >13 for PPK-. With the 
work of Laltinen and Wawzonekes as model, the following sequence of reactions may 
be postulated as the mechanism for the reduction of HPPK up to pH = 6.95. For 
simplicity, the pyrldine ring is represented by R, and the phenyl rmg by R’. 

OH 

RlN/ 

OH 

+ H+ + R--kN’ lH+ 
(HPPK) (H,PPK+) 

HZPPK+ + HHPPK+ 

(3a) 

(36) 

(3c) 

(3d) 

(34 

where HB IS any proton donor m the solution. 

It 1s suggested that a contributing factor to the rate-controlling step is the positlon 
of the equilibrium 3~2, but that the available data do not permit a categorical statement 
as to which of steps 3a-3e controls the rate, if indeed any operates to the exclusion of 
the others. More definite data may be obtained when techmques for studying rapid 
electrochenucally induced reactions become available. It might be added that It has 
been assumed2’ in previous investigations carried out in dlmethylformamide solution 
that reactions of type 3c are reversible in the thermodynamic sense, but this approach 
is conce(rned with the over-all reduction, hence our previously stated assumption of 
total irreversibility. 

Thus, the summation of equations 3b-3e gives equation (4) which together with 
equation (5) describes the over-all reaction as represented by equation (1). 

R’ OH R’ OH 
I / I / 

R-C-N 1 H+ + 2e- + HB + B- + 

[ 1 R-C-N (4) 

!I ‘H 

R’ OH 
I / fast 

R-C-N + 3HB + 2e- -+ Ha0 + 3B- + H+ (5) 

iI ‘H 

The formation of the conjugate acid of the amine according to equation (5) may 
well proceed through the formation of a highly labile imine followmg loss of the leaving 
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hydroxy group. This postulate requires that the acid HB be involved in two proton- 
transfer reactions; one to a hydroxide ion, and the other to the amine group of the 
completely reduced species. Thus, as the buffer is changed with increase m the pH of 
the solution, the anion B- becomes more basic; accordingly, the proton transfer 
reactions implied in equation (5) and specified in equation (3e) will become more 
difficult since it may be presumed that the accepting ability of the base competing with 
B- remains invariant throughout the pH range. Thus, wave A must, and does, show 
a progressive decrease in height with increase in pH. 

Support for this mechamstic interpretation for wave A comes from consideration 
of the values i = 1.48 ,uA at pH = 6.95 and i = 1.86 ,uA at pH = 0.78. If we assume 
that at pH 6.95 an intermolecular transfer of a proton occurs say from some species 
HB to the azomethine group, then at pH = 0.78 such a transfer could be intramolecu- 
lar, from the pyridmmm mtrogen to the azomethine function (equation 3b). The 
difference in mechanism is reflected in the difference of 0.38 ,uA m the diffusion 
current, and when the diffusion current is calculated according to the contributions 
of the species HPPK and H,PPK+, the decrease in wave-height with increase in pH is 
readily accounted for (Table II). Further support comes from the variation m E1,2 
with pH for a number of oxime compounds under comparable conditions (Table III) 

TABLE II.-THE DIFFUSION CURRENT I" CALCULATED AS A ~MCZTION OF 
FRACTION'OFTOTALHPPK PRESENT AS H,PPK AND HPPK 

Fraction of HPPK presents as 
zA (experimental), zA (calculated), 

iuA luA PH H2PPK+ HPPK PPK- 

1.86 1.86 0 78 100 - - 
1.86 1.86 1 77 100 - - 
1 80 1.82 300 089 - - 
165 1.63 400 044 - - 
1.51 1 51 500 007 - - 
1.48 - 6 95 0 1.00 0 
120 900 - @99 0 01 
0.724 968 - 0.92 0 08 
0 23 1025 - 0.74 0 26 

1091 - 0.39 0 61 
11.89 - 006 0 94 
1288 - 0 01 0.99 

* Calculated from* pKa, = 3 8, pK,, = 10 7 

Any substituent which increases the electrophihc character of the azomethme function 
will result in electroactivity at a more positive potential than that for the unsubstituted 
oxime. 

Over the pH range quoted m Table III, the “ease of reduction” of the oximes may 
be inferred from the constant m the equation for El,, (i.e., El,, at pH 0). The trend 
parallels the electrophihc character of these compounds as portrayed by the p&values. 
N-Methyl-2-pyridmecarbaldehyde oxime is the cation of a quaternary salt, and hence 
should be excluded from any rigorous comparison with systems which derive their 
electrophihc character from protonation. It is noteworthy that Gardner and 
Georganslg report values of Ella at pH = 0 ranging from -0522 to -0.742 V vs. 
S C.E. for oximes which do not have a site of positive charge in the system, analogous 
to wave B for HPPK, which follows the equation -El,, = 0461 pH + O-667 over the 
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TABLE III -VARIATION OF El,, WITH pH FOR SOME OXIMES ACID SOLUTION 

Oxime pH range p&* -El/B, 

HPPK 0.78-10 3 9-t 
N-Methyl-2-pyrldyl- 

0.076pH + 0.257 

carbaldehyde oxlme 0 8-9.9 - 0 043pH + 0 435$ 
Pyndme-2-carbaldehyde 

oxime 0846 3 4 ~(3 8)** 0 037pH + 0 767$ 
Dlmethylglyoxlme l-3 -@94tt 0 096pH + 0*718$$ 

* Refers to the dlssoclatlon of the conjugate acid of the oxlme but not 
necessarily the oxlme fun&Ion 

t Reference 8. 
$ Calculated from data m reference 20 
7 C. H. Lm and C. F. LIU, J. Am. Chem. SOL, 1961, 83,4169. 

* * Reference 20. 
tt P R. Ellefsen and L. Gorden, Tulanfa, 1967,14,409. 
$$. Reference 21 

pH range g-12.8. It thus appears that 2-pyridinecarbaldehyde oxime is anomalous m 
this respect. The equation for the behaviour of this compound over the pH range 
64-9.9 was found to be -Ells = O*lOO pH + O-465 and suggests that the aldehyde 
oxrme is more electrochemrcally active than the ketone oxime. 

It now becomes reasonable to assume that at pH >7*00, HPPK may undergo 
reduction m a manner analogous to but subtly different from that described by 
equations (3a)-(3e). The followmg sequence of reactions may then describe the 
mechanism giving rise to wave B. 

, OH 

RLN’ 

OH 

RlN/ H’ 1 

I 

R-i=N’ 

OH 

1 (64 
+HB-+ H+ + B- 

t 2e- + Hz0 ---f 

last I 
-i- 2e- + He0 --+ 20H- + R-C-NH, 

k 

(6b) ’ 

It IS suggested that (6~) and (6b) are the rate-controllmg steps for this mechanism. 
This follows the postulate, advanced by Mairanovskn26 m a polarographic study of 
semicarbazone-2-acetylthiophene, that the azomethine group required protonatron 
before it became electroactrve. 

The polarographic method appears to be well suited to the quantitative determina- 
tion of the free azomethme group m buffered aqueous solutron. Extension of the 
technique to systems contammg more than one azomethine group together wrth a 
metal ion is under active consideration. For the system contaimng a 2: 1 molar ratio 
of nickel to HPPK at pH = 1.77, two waves were found. The El,, values US. S.C E. 
were -0.5 and -0.9 V. An exammation of the mckel(II)-HPPK system will be 
reported later 
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Zusammenfassung : Dre polarographrsche Reduktron von syn- Phenyl-Z 
pyndylketoxlm zu cc-(2-pyrrdyl) benzylamm lull pH-Bererch 0,78-12,88 
wrrd mrtgetetlt. Zwa Stufen werden beobachtet, die berde pH-ab- 
hangrg smd Die verwrckelte Elektrodenreaktron wrrd drskuttert und 
zur Beschrerbung der Reduktron der Oxrmgruppe im betrachteten 
pH-Bererch em Mechamsmus vorgeschlagen. 

R~urn&Ond &crrt la reduction polarographique de l’oxune de la sy+ 
phenyl 2-pyrrdyl c&one en c+(2-pyrrdyl)benzylamme dam le domame 
de pH 0,78-12,88. On observe deux vagues, qur dependent toutes 
deux du PH. On dtscute de la reaction complexe a l’&ctrode et 
propose un mtcamsme pour decrrre la reductton du groupe oxtme 
dans le domame de pH constdere. 
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Snnunary-A method of determination of “7Cs in a fission product by 
extraction with a nitrobenzene solution of hthium dtpicrylaminate is 
described. The effect of pH and the amount of reagent on the efficiency 
of extraction of micro-amounts of caesium has heen studied as well as 
the competing effect of alkali metal salts; the possibility of substo- 
ichiometric determination of caesium has been also mvestigated. Both 
procedures have been tested with an arttficial mixture of fission products. 

VARIOUS methods for the separation and determination of caesium have been developed 
which can also be used for the radiochemical determmation of nuclear fuel burn-up;1 
a survey has been published by Yamagata. s Besides classical and time-consuming gra- 
vimetric methods (e.g., the perchlorate ,3 hexacyanocobaltate(,4 dipicrylaminate,5 
and other methods), selective sorption methods of ion-exchange on inorganic sorbents 
such as ammonium phosphomolybdatea or various hexacyanoferrates(‘s suitable 
for acidic aqueous media or extraction from neutral or alkaline media, have been used. 
Extraction by a solution of sodium tetraphenylborate (TPB) in amyl acetate (0.05M 
TPB, O.OlM EDTA, pH 7) has been used by Leaf in the determination of caesiumS 
with a yield of 100.7 & 0.8 % ; Davies and DigglelO have separated caesium quantita- 
tively by the same method with an error of &-2x. Cesarano et (lZ.ll have isolated 
caesium from fission products (in the presence of EDTA at pH 6.8) by extraction 
chromatography on a column of polytrifluorochloroethylene (Kel P) with TPB (in 
amyl acetate as liquid phase) with a yield of 100.5 f 0.9 % or with dipicrylaminels as 
liquid phase (in nitrobenzene) with a yield of 100~0 f 0.3 % (pH 7, O*OlM EDTA). 
Conditions for caesium and fission product extraction by nitrobenzene solutions of 
sodium dipicrylaminate (NaDPA) have been investigated in more detail by Kyri et 
aZ.=*14 Alimarin and Perezhogin ls have pointed out the possibility of using a 
substoichiometric activation analysis method for caesium by extraction with nitro- 
benzene solutions of TPB. The substorchiometric method, suggested by StaQ and 
Rb%Eka16 for activation analysis, has been used mainly for the extraction separation 
of chelates of the element determined, e.g., 17r18 but a few papers have been devoted to 
the extraction of co-ordinately non-solvated ion-association compounds.ls*ls~eO 

The substoichiometric method has not been used for the determination of radio- 
nuclides (activity) in fission products. The constancy of chemical yield and further 
increase of selectivity which result from the substoichrometric method may lead to a 

1423 
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srmplification and shortening of the procedures and to hrgher purrty of the radro- 
nuclide isolated. The aim of this work is to compare quantrtatrve isolation of carrrer- 
free 13’Cs with the substoichiometrrc method, to describe the interfering effect of 
alkah metal and ammonium ions on the substoichiometrrc rsolation and to compare 
the purity of radrocaesium isolated from a mixture of fission products by these methods. 
As a separation method, extraction of caesmm by a solution of lithium drpicrylaminate 
(LiDPA) in nitrobenzene has been used. 

Chemicals and apparatus 
EXPERIMENTAL 

A stock solutron of O*OlM LtDPA was prepared by drssolution of LrDPA m nitrobenzene purrtied 
by drstillatton.” The drlithium salt of ethylenedtammetetra-acetic acid (Li*Y) used for masking 
multivalent ions was prepared by neutrahzatron of the acid by a stotchtometric amount of lithium 
hydroxide. 

The concentratton of other alkali metal and ammonium ions was adjusted with soluttons of the 
analytical grade nitrates 

Buffers used to adjust the pH were prepared from the correspondmg acids and htluum hydroxide. 
Radioactive isotopes Fir, s6Zr-06Nb, losRu, 137Cs, and lrnCe were m the form of the nitrates 

[ruthenmm as RuNO(NO,),]. 
The beta-actrvrty was measured with a G.M counter and a decade scaler as usual, the gamma- 

activity and the purity of ls’Cs isolated from the fissron product mixture were measured with a 
200-channel analyser. 

Procedure 

In all cases, extraction of caesmm was accomplished with equal volumes (4 ml) of the phases. 
Aqueous solutrons contammg la7Cs, any other fission products and the required concentration of 
other components, were neutrahzed with lithium hydroxide to pH 7 2-8 8 (o-Cresol Red mdrcator); 
in some cases, the pH was adjusted by adding a buffer. The solutrons were shaken m stoppered 
centrifuge tubes with LiDPA nitrobenzene solutron for 30 min to reach extraction equihbnum 
After ce&fugation, aliquot parts of the aqueous and orgamc phases were evaporated to dryness on 
aluminium trays and the radioactrvity of 187Cs or the fissrle radtonuclide (in the absence of 1s7Cs, 
if required in determmation of the fission product extraction) was measured. 

RESULTS AND DISCUSSION 

Isolation of carrier-free 137Cs 

The distribution of carrier-free caesium between the mtrobenzene solution of 
LtDPA and the aqueous phase was investigated as a function of various conditions m 
the extraction system. 

The dependence of the distribution ratio for the carrier-free caesium, qcs, on pH 
is shown in Fig. 1 (curve l), from which it can be seen that the distributron ratio is 
(under the given conditions) constant in the pH range 7.5-9.5, which is in agreement 
with the literature data.r3n1* This pH range was mamtamed m all other experiments. 
Curve 2 in Fig. 1 is presented for comparison because it corresponds to the substoi- 
chrometric isolatron of caesium (substoichiometry s = 0.2). 

At a given pH, the distribution ratio for caesmm increases with the concentration 
of LiDPA as shown in Fig. 2; qce = f (-log C,,,,,). The competing effect of 
hthmm ions which appears m the reaction with the reagent leads to a decrease in qcs 

(compare curves 2 and 1). This effect of the alkali metal and ammomum ions is shown 
m Fig. 3, where the dependence qcs = f(-log CM,) is plotted; the analytical concen- 
tration Cnlnra was kept constant The interfering effect of alkali metal ions on the 
caesium extraction increases in the order Lr < Na < NH, < K < Rb as found earlier, 
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FIG. I.-Effect of pH on caesmm extraction with LaPA. 

I-Isolation of microamounts of 1s7Cs; C,,mpa = 1 x 10-4M, CL, = 0*012M. 
2-Substoichiometric Isolation; CLiDpa = 1 x lo-4M; ce, = 5 x IO-‘M; CLi = 
0 012M, o = o,, = 4.00 ml, A-actltity of the extract sample (cpm); qcs-distributlon 

rat10 for caesium. 

- ‘ogC,,rm 
FIG 2 -Dependence of Qstrlbution ratio qce for WZs on LIDPA concentration. 

&-_CLi = @012M, 2-CLi = 1 OOM, v = v0 = 4.00 ml, pH = 9. 

8 
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I -‘o-,0 I I I I I 
0 IO 20 30 40 

-kc Me 

FIG. 3.-Dependence of dlstrlbutlon ratio of carrier-free 1s7Cs, gcs, on alkali metal ion 
concentration, C,, 

C,,BPa = 6 x 1O-4&f, pH = 9, u = o0 = 4.00 ml. 

being accompanied with a decrease m the extractton exchange constants of the reac- 
tion 

Cs+ + MeDPA(,, + CsDPA(,, + Me+ (1) 

K = [CSDPAI(~) [Me+1 = 4c [Me+1 
KS+] WeDPAl ’ [MeDPAh 

(2) 

where the suflix (0) denotes the organic phase. 
With carrier-free concentrations of caesium, [MeDPA],,, = CLIDPA, when 

[Me+1 = GM and CMne > [MeDPA](,,. The relevant values of the extraction 
exchange constants KcBIMe, calculated under these condrtrons, are summarrzed in 
Table I; they are in good agreement with the published data.16*22 The masking of 
multivalent ions by the drsodmm salt of ethylenediaminetetra-acetic acidgs10S13 is, in 
the separation of caesium from fission products, less convenient than the use of the 
analogous lithium salt Lr,Y, as follows from the values of the given constants. When 

TABLE I.-EXTRACTION CONSTANTS KoslMe FOR "'CS EXTRACTION FROM ALKALI METAL ION 

SOLUTIONS WITH LIDPA IN NITROBENZBNE 

Type of reaction K Cs,Xe 

CS/Ll 83 /( 10% 
Cs/Na 16 x lo3 
Cs/NH4 83 
Cs/K 23 
Cs/Rb 69 

* Literature dataa 
t The constants for tetraphenylborate I5 

K * C3,?de Kt C.9,77& 

1 26 x lo* 1 x 10’ 
2 Y 103 22 x 108 
100 - 
50 33 

50 7.2 
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comparing solutions contammg the same amount of L&Y and NhY, one sees that the 
qcs values differ by about an order of magmtude, being higher with the lithium salt. 
The anion of this masking agent does not affect the qcs values as could be expected. 

Extraction of the carrier-free 13’Cs proceeds quantitatively with systems for which 
pH = 8, CLINo, = 0*282M, CLIBy = 0.05&f, and CLIDPa = 5.3 x 103M. The 
average value of the extraction yield calculated (by measuring the beta-activity) from 
10 parallel runs was 99.97 * 0.07 % caesium. 

The reproducibility of the extraction, tested by 13’Cs isolation from a model 
fission product mixture (86Sr, g5Zr-9sNb, lo6Ru, lUCe, and 13’Cs) is shown in Table II 
(A). The radiochemical purity of the 13’Cs isolated is evident from the gamma spectra 
in Fig. 4. 

TABLE II.-REPRODUCIBILITY OF DETERMINATION OF RADIOCAESIUM IN MODEL FISSION PRODUCT 
MIXTURE BY EXTRACTION WITH NITROBENZENE SOLUTION OF LIDPA 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

A Carrier-free 1s7Cs B Substoichlometrrc method 

CP” CPm CP” CPm 

27708 +319 11593 +292 

27425 $36 11663 + 362 

26875 -514 11049 -252 

27429 $40 11149 -152 

27819 +430 11032 -269 

27654 $265 11400 +99 

27396 +7 11321 +20 

27032 -357 11155 -146 

27338 -51 11487 +186 

27221 -168 11162 -139 

Average values 
Sample 27389 & 295 11301 f 226 
Standard sample 27212 f 435 11395 f 200 

Condmons: A-CLmOI = 0*282M, Gray = 0 OSM; c,,,,, = 5 3 x lo-SM. 

B-C~u.ro~ = 0 282M; C L~,Y = 0*05M, CL,,,, = 6 x lO+M; Cc, = 1.2 x 10-sM. 

Substoichiometric separation of caesium 

The separation of the caesium carrier (labelled with 13’Cs) by a substoichiometric 
amount of LIDPA from solutions in which the pH is 75-10 (Fig. 1, curve 2) was 
accomplished in the presence of L&Y (Cr+r = 0*05A4). The curves of the dependence 
of the extraction yield of caesmm (activity m cpm) on the caesium carrier concentra- 
tion, presented in Fig. 5, have sharp breaks at the pomt of transition into the 
substoichiometnc region (at the point of equivalence); at higher caesium carrier 
concentration, the yield of caesium activity does not depend on the carrier concen- 
tration. The bend of the curves near the point of equivalence and its shift towards 
higher values of caesium concentration is caused by a competmg reaction of hthium 
ions with the reagent. The curves represent the course of radiometric titration of the 
reagent with caesium ions, during which the reaction product was removed by 
extraction 23 
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As in the case of extraction of the carrier-free ls7Cs (Fig. 3), the effect of other 
alkali metal and ammonium ions was studied. The real substoichiometric yield 
resulting from the competing reactlons of these (or other) Ions is lower than that for 
quantitative reaction of the added substolchlometrlc amount of reagent with caesmm, 
and it can be evaluated from the material balance for the extraction system and from 

I 7 

144 Is* 
Ce Eu 

t 

” 

FIG 4 -Gamma-spectrum of model mixture of fission products and Isolated lS’Cs. 
I-mltlal mixture; 2-1*7Cs~solated; A-extract activity (cpm), n-number of channel. 

the relationship expressing the extraction exchange constant of the Cs-Me couple 
[equation (2)]. 

The material balance is: 

C, . Y = [CsA], . u. + [MeA], . v,, (3) 

CcS . u = [CsA], . vO + [Cs+]u (4) 

c Me . z, = [MeA], . u,, + [Me+] . u (5) 

E = [CsA]o ’ ‘0 = 4cs uo 
[cs+]. u u (6) 

where C, (= CDPa) and C, are the initial analytical concentrations of the components; 
the equilibrium concentrations in the aqueous and organic phases are denoted by 
brackets, E is the effective distribution coefficient, and v and u. are the volumes of 
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FIG L-Dependence of extracted caesmm activity, A(ppm) on caesmm carrier 
concentration, Cc, 

I-CL,r,PA = 1 x 10-&M, 2-CLinPa = 3 x 10-4M; 3-CLiDPa = 6 x 10-4M. 
1-3 CL,,, = O*OSM; C,,o, = 0*162M; pH N 8. 4 CLi,,, = 0*06M, CL,,, = 
6 x 10-4M, pH = 10. 5 C,,,,,, = 0 282M, CSi,, = 0 05M; CLWDA = 6 x 

10-4M, pH = 10 v = v0 = 4 00 ml m all cases. 

the aqueous and orgamc phases, respectively. The equilibrium concentrations ex- 
pressed in terms of the analytical (total) concentrations and E are: 

[GA], = ?- . f- C,,; 
Efl 0, 

[Cs+l = & Cc* 

[MeAl, = (CA - Es Cc8 )I ; [Me+1 = CM, - C, + $--jl Ccs. 

On substituting these values into equation (2) for the extractlon exchange constant 

WC~IM~ = K) and rearranging, 

(7) 

which is vahd for 

(C*/GJ > & * 
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Denotmg the substoichiometric ratio by (C,/Cc,) = s < 1, and the portion of re- 
agent isolated in the form of the caesmm salt by (ps),,, where p < 1, 

On substituting these values into equation (7) and rearrangmg, the final equations 
are 

c =(1-P) 
Me p KU -P> + pw,, 

or 

P2-P 
CM&C, + K 

1 

K 

s(K - 1) 
+1 +- 

s(K - 1) 
=0 (10) 

[the real value of p corresponds to the negative square root of equation (lo)]. From 
these equations, the yield of caesium at a given carrier concentration as well as the 
substoichiometry, the concentration of the mterfering ion, or the needed carrier 
concentration, etc., can be calculated. Experimental dependences of the substoiclno- 
metric isolation of caesium on the alkali metal concentration were found and the 
corresponding theoretical curves calculated [from equations (9) and (lo)] for the 
extraction systems in which the relevant concentrations were Cc* = 8 x 10-4M and 
C r,lnra = 6 x lOAM, s = O-75. The results presented in Fig. 6, in the form of 
the dependence p =f(-log C,J show good agreement of the experimental values 
with the calculated curves. In Table III are summarized the values of the maximum 
perrmssible alkali metal concentrations for 99 % isolation of the agent m the form of 
CsDPA (i.e., with constant substoichiometnc yield 1OOp.s = 74.25 % of caesium carrier 
at substoichiometry s = 0.75) together with the values found experimentally. The 
differences between the values can be explained by a certain inaccuracy m the activity 
measurement and the constants used in calculation (Table I, column 1). 

The accuracy of the radiometric determination of caesmm (caesmm activity) m 
the fission product solutions may be affected by co-extraction of other fission products. 
Therefore, the distribution ratios of some radionuchdes were determined under the 
conditions of complete isolation of the carrier-free 13’Cs and the substoichiometric 
isolation of the caesmm carrier The results are shown in Table IV, and compared 
with the corresponding hterature data. 24,25 As can be seen, the distribution ratios, 
qu,, are 4-6 orders of magnitude lower than the qcs ratios. The relative decrease in 
their values for substoichiometric isolatton mdicates an mcrease in the selectivity of 
caesium separation and so, under the given conditions, the co-extraction of other 
fission products can usually be neglected. 

Iron, alummium and magnesium, the most frequent corrosion products in fission 
product solutions, do not affect the extraction under the given conditions of sub- 
stoichiometric isolation of caesmm, if their concentration is of the same order as the 
concentration of the caesmm carrier, as can be seen from Table V 

The reproducibihty of the yield of substoichiometric isolation of caesium from the 
fission product solution is evident from the values presented m Table II(B). Larger 
relative deviations (I+-2-O %) from the average expertmental value are due to a poorer 
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FIG 6 -Dependence of substotchrometnc extraction of caesium on competing metal 
ion concentration 

pH = 9, u = u0 = 4.00 ml, A = relative activity of extract (at p = 1.00, Cr,mPa = 
Cc,npa = 0*7X&), the dashed-line curves are theoretical. 

TABLE III-MAXIMUM PERMISSIBLE CONCENTRATION OF ALKALI METAL IONS, C,,, SUBSTOICHIO- 
METRIC SEPARATION 

Alkali element, 
Me 

Ll 
Na 
NHa 
K 
Rb 

CX, found, 
M 

1.0 x 10-l 
4 x IO-2 

2 5 x 10-J 
1 6 x 1O-4 

5 x 10-S 

Cn, calculated, 
M 

1 66 x 10-a 
3 20 x 10-a 
1 82 x 10-d 
5 20 x 10-S 
1.98 x 1O-5 

Condmons s = 0.75 and 99 % of agent IS extracted m the form of CsDPA 

TABLE IV-EXTRACTION OF SOME FISSION PRODUCTS UNDER CONDITIONS OF SUBSTOICHIOMETRIC 
AND COMPLETE ISOLATION OF CAESIUM 

Frsston product 

as,soc&. 

85Zr-B5Nb 

loaRu$ 

lrrCe 

lsa,larJzu 

170Trn 

qMe In caesium isolation 

A substoichrometrtc B complete complete 

2.9 x lo-” 1 9 x 10-s 2 1 x 10-a* 
1 0 x lo--Bi 

1.1 x lo-” 2.0 x IO-8 3 0 x 10-a* 

2.9 x 1O-4 1 2 x lo-** 
1 0 x lo-It 

14 x 10-s 3 2 x 10-S 1 0 x 10-e* 

7 / 10-a 1 8 x 10-a 

5 5 x 10-a 

Condmons 
A-CLU,PA = 6 x 10-4M, C,, = 8 x 10-4M, C,,,,, = 0 162M, CLi,, = 0 05M. 
B-A&PA = 5.3 x lo-‘M, C,, = 10-BM; C,,e, and C,,,, as m A. 
* Literature dataa 
i’ Literature data,*4 dtstrrbutron ratios for caesmm extraction with tetraphenylborate. 
z Ruthemum as RuNO(NO,),. 
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TABLE V.-EFFECT OF Fe, Al, AND Kg ON SUBSTOICHXOMETRIC DETERMINATION OF CAESIUM IN THE 
PRESENCE OF L&Y 

Corrosion product, 
Me 

c Per 
M CP’H 

Fe 1 5 x 10-a 3889 
2.5 x lo-* 3942 

Al l-5 x 10-S 3907 
2.5 x IO+ 3857 

1.5 x 10-s 3900 
25 x 10-s 3850 

wxthout Me - 3950 

Condrtrons: C,i,e, = 0*175M, &I,, = 0*05M, C,,, = 6 x 10-4M, Ce, = 8 x lo-PM. 

accuracy of the determination and of gamma activities (cpm) by graphical integration 
from the relevant peak for caesium. 

CONCLUSIONS 

The separation of caesium from so1utions at pH 75-10 by extractron with nitro- 
benzene solutions of lithium dipicrylaminate is very reproducible both by complete 
isolation of carrier-free la7Cs and by rsolatron of caesium carrier by a substoichiometric 
amount of reagent. By means of both methods, practically radiochemically pure 
caesmm can be isolated in the presence of L&Y (Cnr,v = 0.05M) from a mixture of 
fission products and nuclear fuel solutton The selectivity of separation increases 
when the substoichiometric method is used. Owmg to the competing reactions of 
the reagent with other alkali metal ions, the substoichiometric method can be applied 
to the determination of caesium on1y when the condensations of the alkali elements 
m the unknown sample and in the comparison solution (with a known activity) are 
Identical. This condition can be easily secured when determining the activity of 
radiocaesium in nuclear fuel solutrons. 

On the basis of these facts, the following procedure may be reco~ended for 
this purpose. To a sofution of fissron products or nuc1ear fuel w&h a known mtnc 
acid concentration (CuNOII = 0*2&I), L&Y and a caesium carrier are added in such 
amounts that their concentrations, after dilution to a certain volume, may be 
C - 0.05M and Cc, = l-2 x 103M, and the resulting solutions is neutralized Li,Y - 
wtth O&l*OM lithium hydroxide with o-Cresol Red as indrcator. Extractton is 
accomplished by shaking with an equal volume of lithium dipicrylaminate solution 
m nitrobenzene (f&n,, = 6 x lOAM) for 30 min Simultaneously, a standard 
solution with a known absolute actrvrty of caesium is treated in the same way. The 
ratro of activities of equal volumes of the sample and the standard solution is then 
determined. 

Zusannnenfassung-Eme Methode zur Bestimmung von 18’Cs m einem 
Spaltprodukt durch Extraktlon mlt emer Losung von Lithiumdipt- 
krylammat m Nttrobenzol wtrd beschrreben Der BinfluB von pH und 
Reageusmenge auf dre Wnksamkert der Extraktton von Mtkromengen 
Caesmm wurde untersucht sowte die Konkurrenz von Alkalimeta~i- 
saizen; such die Moghchkert emer unterstochtometrtschen Caesium- 
bestrmmung wurde geprtift Betde Verfahren wurden an emer kunsth- 
then Mtschung von Spaltprodukten getestet 
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R&m~On d&it une methode de dosage de ls’Cs dans un prodtut 
de fission par extraction au moyen d’une solutron de drprcrylammate 
de hthmm en mtrobenzene On a Btudre I’mtIuence du pH et de la 
quantrte de reactrf sur l’efficacrte de l’txtractron de mtcroquantitb de 
c&esmm, amsr que l’mfluence concurrente de sels de metaux alcahns; 
on a aussr examine la possrbthtd de dosage substoechtometnque du 
caesmm. Les deux methodes ont Cte essay& avec un melange artrficrel 
de produrts de fission 
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RAPID RADIOCHEMICAL SEPARATION OF SELENIUM 
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Summary---A rapid separation of selemum based on the extractron 
of Se(W) from 4M hydrobromrc acid mto benzene contaming 1 ‘A of 
phenol, is described. Recoveries of 99 % are achieved m less than 5 mm. 
Oxnhzmg and reducing agents interfere. The separatton is hrghly 
selective for selenmm. 

METHODS in general use for the radiochemical separation of selenium1 are based 
mamly on the distillation of selenium tetrabromide or the precipitation of elemental 
selemum. These methods reqmre multiple stages for the isolation of selemum free 
from arsenic and germanium, and are time-consuming and unsatisfactory for the 
study of short-lived selenium isotopes. The object of this investigation was to develop 
a simple, rapid and selective method for the separation of selenmm. 

Solvent extraction has the advantage of being simple, rapid and often selective 
for the separation of an element. Prehmmary investigations on the solvent extraction 
methods available for selenium 2,3 showed that they were not very selective in the 
presence of arsenic and germanmm. In view of the covalent nature of the halides of 
selenium4 it was decided to examine the extraction of selenmm(IV) from hydrobromic 
acid mto benzene. Preliminary experiments indicated a poor yield for selenium, which 
was shown to be due to the presence of free bromine m the hydrobromic acid. 
Selenium (IV) oxidizes bromide to bromine, which m turn can oxidize selenium(IV) 
to selenmm(V1). It was found that addition of phenol5 to the benzene removed the 
bromine and increased the extraction of selenium to almost 100 %. 

Free bromine present in the hydrobromic acid oxidizes the selenium(IV) to 
selenium(V1) which is not extractable mto benzene. The phenol removes the free bro- 
mine by forming tribromophenol, and the equihbrium is moved to the right. 

Se(VI) + 2Br + Se(N) + Br, 

When phenol was added to a solution of selenium(N) in hydrobromic acid, 
elemental selemum was precipitated. This may be explained by the equilibrium 

Se(IV) + 4Br + Se(O) + 2Br2 

being upset by the addition of phenol removing free bromine. 

EXPERIMENTAL 

Carrier solutrons of selenium, arsenic and germamum (0 1 mg/ml) were prepared from the oxrdes. 
The germanium dioxide was dissolved m 2M sodmm hydroxide, and the solution was then made 
4M 111 hydrobromtc acid The selemum dioxtde and arsenic tnoxide were dissolved directly m 4M 
hydrobromrc acid. The isotopes YSe, ‘*As and rlGe were obtamed from the Radrochemical Centre, 
Amersham, England. All other chemicals were of analytical reagent grade. The liquid scintrllator 
contained 2 g of PPO and 0 2 g of POPOP dissolved m 500 ml of droxan. An electrothermal mini- 
stirrer was used and all extractions were carried out m 50-ml Jena centrifuge tubes. 

1435 
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Procedure 

The solution contammg selemum and other radlolsotopes was made 4M m hydrobromlc acid and 
selemum carrier solution was added. This solution was then mtlmately mlxed with an equal volume 
of benzene contammg 1% w/v phenol, for 1 mm 
the aqueous layer was dIscarded. 

The phases were separated by centnfugmg, and 
The orgamc layer was washed by stlrrmg for 30 set with 4M hydro- 

bromlc acid contammg 1% w/v phenol. 
was withdrawn for countmg. 

The phases were separated and a portlon of the benzene layer 

DISCUSSION AND RESULTS 

The effect of varymg the concentratton of phenol was mvestlgated by stlrrmg 
5-ml portions of 8M hydrobromic acid contammg 0.5 mg of labelled selenium per 

I I I 1 , I 

02 04 06 08 IO 12 
% (w/v) phenol 

40,oc 

; 
30,oc 

\ 
Y 
s 
s 20,Oc 

IO.00 

I I I I 1 ) 
IO 20 30 40 50 60 

Time, set 

FIG. 1 .-Influence of phenol concentration 
m benzene on the extraction of selemum 

FIG. 2 -Time required to reach extraction 
equlhbrmm m the extraction of Se(W) mto 

benzene containing phenol 

ml, with equal volumes of benzene containmg various amounts of phenol. The results 
are shown m Fig. 1, from which it can be seen that recoveries are constant for phenol 
concentrations above 0.5 % w/v. In all subsequent experiments, a 1% solution of 
phenol m benzene was used. 

It IS often necessary for the time between the end of the irradiation and the start 
of counting to be as short as possible. The variation of the quantity of selenium 
extracted with the time of mixmg was mvestigated, and the results are shown in Fig. 2. 
Equthbrmm is reached after the phases have been intrmately mixed for 30 sec. A 
stirring time of 1 mm was chosen for the remaining determinations. 

The influence of hydrobromlc acid concentration on the extraction of selenium, 
arsenic and germanmm was examined by preparing labelled carrier solutions of the 
three metals of known acid strength. Portions of these solutions were extracted with 
equal volumes of benzene containing phenol, for 1 min. From Fig. 3 it is evident that 
a 4M hydrobromic acid solution is most smtable for the separation of selenium from 
arsenic and germanmm. 

The effect of carrier concentration on the reproducibihty of the separation was 
tested m the following manner. A series of 4M hydrobomic acid solutions was prepared, 
containing accurately known amounts of labelled selenium. Portions of these solutions 
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were extracted with benzene containing phenol as before, and portions of the aqueous 
and the organic phases were withdrawn for counting. Figure 4 shows the fraction of 
the selemum extracted as a function of the selenium concentration. The reproducibi- 
hty of the procedure below a selenium concentration of O-07 mg/ml was very poor. 
A selenium carrier concentration of O*lmg/ml of hydrobromic acid was used for further 
work. 

800( 

c 6001 

E \ 
9 
s 
u” 4001 

200 

HBr concenirot~on M 

FIG 3 -The extraction of selenium, arsemc 
and germanmm as a function of concentra- 
tton of hydrobromrc actd. 

Selenmm-A 
Arsenic-0 

Germanmm-0 

I I 1 

20 40 60 80 100 120 

Selenwn concentrataon, pg/mL 

FIG. 4 -Effect of selenium concentration 
on the extraction of Se(W) mto benzene 
contammg phenol. 

Imtial selenium activity 9277 cpm. 

The effect of various common anions on the extraction of selenium was studied and 
the results are given m Table I. 

Sulphates, chlorides and organic anions such as oxalates and tartrates do not 
Interfere but strong oxidizing and reducing agents seriously affect the yield of selenium. 
The nitrate ion liberates large amounts of bromme and oxidizes the selenium(N) 
to selenium(V1); sulphite ions reduce selenium(IV) to elemental selenium. 

TABLE I -EFFECT OF COMMON ANIONS ON SELENIUM RECOVERY 

Substance 
Concentration, Recovery of r6Se, 

M % 

NaCl 
NaCl 
Na$O* 
Na,SOI 
NaNO, 
NaNOs 
Mg(ClO& 
(CHOHCOOH)g 
(COOH), 
Na,SO, 

01 
10 

8: 
0001 
001 
01 
10 
05 
01 

99 1 
98 8 
98 6 
99 0 
97 7 
49 2 
99 7 
98 2 
99 6 

Se prectpttated 
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The selectivity of the procedure was tested by performing decontammation 
studies with radioactive tracers representative of most groups of the periodic table. 
The tracers were added to 4M hydrobrormc acid solutions contaimng 0.1 mg of 
selenium carrier per ml; 5-ml portions of these were extracted with 5 ml of the 
benzene-phenol solution and the organic layer was washed once with 4M hydrobromic 
acid containing phenol. Table II summarizes the results. 

TABLE H.-CONTAMINATION OF SELENIUM EXTRACTED INTO BENZENE FROM 4M 
HYDROBROMK ACID. 

Radtorsotope 
tracer 

Activrty added 
to HBr phase, 

cfm 

Activity recovered m 
benzene phase, 

cfm 

Contamination, 
% 

?S3e 
74As 
‘IGe 
22Na 
Vo 
loBRu/Rh 
=‘cs 
54Mn 
ll0lnA g 
‘=Sb 
zoan 
1311 

2 15 x 106 214 x 106 99.5 (recovery) 
1 28 x 106 51 0004 
2 56 x lo5 31 001 
196 x lo6 2 00001 
1 14 x 106 70 0004 
3 34 x 105 51 0 02 
3 16 x lo6 329 0 01 
8 16 x lo4 2 0002 
6 34 x lo5 4 00006 
3 60 x lo4 118 03 
5 72 x lo5 517 009 
468 x 105 1404 03 

There are many instances in which the rapid isolation of selenium m a radio- 
chemically pure form is necessary or desirable. The short-lived isotopes 78mSe 
tt = 3.9 min) and 83mSe t) = 69 set) can be used for the rapid determination of 
selenium without the need for expensive equipment if the selemum can be separated 
m a short time interval. 

In this laboratory, mvestlgations mto the neutron-deficient isotopes of selenium 
are being carried out. Durmg the course of this work it was necessary to isolate the 
5-mm ‘lSe. This was produced along with a large number of other nuchdes when 
cobalt sulphate was irradlated for 10 mm with 140 MeV nitrogen ions m the Manchester 
Heavy Ion Linac. The nuclear reaction was sgCo (14N, 2n)‘lSe. The irradiated cobalt 
sulphate was dissolved in 4M hydrobromic acid containing 0.1 mg of selenium 
carrier per ml. The radioisotopes of selenium were extracted into benzene as described 
and a 4-ml portion was withdrawn for counting. The decay of the selenium fraction 
was followed on an automatic gamma-counter. The half-life obtained agrees with 
that reported for ‘lSe m the literature.6 

TABLE III 

Operatron 
Trme required, 

mm 

Transfer of target and drssolutron 15 
Eqtuhbratron with benzene 10 
Separatmg the phases 05 
Washing orgamc layer 05 
Separating the phases 05 
Wrthdrawal and transfer to counter 05 

Total 4 5 
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A time-analysis was taken for the separation of the selenium. Table III shows that 
the selenium was isolated and the counting started within 5 min from stopping the 
n-radiation. 

Conchon 
The proposed method for the separation of selenium was shown to be a rapid 

and efficient method for the radiochemical isolation of radioisotopes of selenium, 
especially from arsemc and germanium. The procedure is flexible enough to enable 
it to be adapted to a very fast extraction of selenium. Where the quantitative yield is of 
secondary importance, more than 90% of the selenium can be extracted mto the 
benzene layer within 10 set (Fig. 2). 

Acknowledgment-We wish to express our apprectatton to the staff of the Manchester Heavy Ion 
Lmac for performmg the nradrattons and to L. S Bark for hts helpful dtscusstons. 

Zusammenfassung-Es wn-d eme schnelle Methode zur Abtrennung von 
Selen beschneben, dte auf der Extraktton von Selen (IV) aus 4M 
Salzsaure m 1% Phenol enthahendes Benz01 beruht. Ausbeuten von 
99 % werden m wemger als 5 mm erztelt Oxtdterende und reduzterende 
Agentten storen. Die Abtrennung 1st fur Selen sehr selekttv. 

R&m&On dt%nt une dparatton raprde du s6l&mun, bas&e sur 
l’extraction du Se(IV) a partn d’acide bromhydrtque 4M en benzene 
contenant 1% de ph6nol. Des recuperations de 99 % sont atteintes 
en moms de 5 nut. Les agents oxydants et reducteurs g&ent. La 
separatron est hautement selecttve pour le s&&mun. 
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CATION-EXCHANGE SEPARATION OF METALS 
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HYDROCHLORIC ACID MEDIA 
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(Recezved 8 February. Accepted 4 April 1968) 

Summary-The behavtour of bismuth, cadmium, copper, lead, silver, 
tm and zmc on a canon-exchange resin m a solvent system conststmg of 
dimethyl sulphoxtde, hydrochlonc acid and water was studied The 
dtstributton coefficients of these metal ions between hqmd and resin 
were determined as functions of the concentratton of dtmethyl sulph- 
oxtde and of hydrochlortc acid. On the basis of the dtstribution coeffi- 
cients found, predicttons were made as to the posstbthties of separating 
these metals from mixtures. Such separations were contirmed expen- 
mentally for bismuth from lead, bismuth from copper, zmc from lead, 
lead from cadmium, silver from copper, silver from lead, lead from 
cadmium from zmc, bismuth from lead from zinc, and bismuth from 
zmc from copper. 

THE separation of metals by selective elution from a cation-exchange resin with hydro- 
chloric acid is a well established techmque with many apphcations. The formation 
of non-dissociated chloro-compounds is probably involved, certamly with the transition 
metals. The formation of such non-dissociated compounds is favoured m solvents 
of low dielectric constant and it IS not surprismg that studies m this field have mvolved 
elution with mixtures of water and such organic hqmds as methanol, ethanol, 
isopropanol, acetone, dioxan, and acetic acid. 1-3 The present work is concerned 
with the separation of metals by selective elution from a cation-exchange resin by 
hydrochloric acid in mixtures of water and dimethyl sulphoxlde, a liquid of high 
dielectric constant (48.9 at 207, itself a good solvent for many types of compounds, 
and an aprotic compound capable of solvatmg metal ions. In particular, bismuth, 
cadmium, copper( lead, silver, tm(IV), and zmc have been studied, the distribution 
of each between solvent and resin has been measured at different concentrations 
of DMSO and of hydrochloric acid, and separations of certam combinations of them 
have been investigated. 

Reagen is 
EXPERIMENTAL 

Metal s&s and stock solutions. Perchlorates of zmc, cadmmm, copper( bismuth, lead, and 
silver, purchased from the 0. Frederick Smith Chenucal Company, Columbus, Ohio, were used to 
prepare 0 05M solutions in water. Tm(IV) chloride (Malhnkrodt Chemical Works, St Lotus, 
Missouri) was used to prepare a 0 05M solutton m 1 OM hydrochloric acrd All of these solutions 
were standardized by tttratton of the metal wrth EDTA usmg the procedures descrrbed below. 

Dimethyl sulphoxide (DMSO), anhydrous(99 9 % purity, Matheson, ColemanandBell,Norwood, 
Ohto) was used wrthout further purtfication. Exammatton of this material by emtsston spectroscopy 
revealed only the famtest traces of silver, copper, magnesmm and silicon, some 40 other metallic 
elements bemg undetectable. 

Reszn. The strong-acid canon-exchange resin Bio-Rad AG 5OW X8 was used. Fme particles of 
the resm were removed by vigorously back-washing a large column of the resm wtth water. The 
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resin was condtttoned by washing successively with 10% ammomum citrate solution, 3M hydro- 
chlonc acid, and finally demmerahzed water until chloride-free The resm was then slurned with 
DMSO, then with DMSO plus hydrochloric acid, then with DMSO plus water, and finally with 
deminerahzed water. Excess of water was removed by filtration, and the resm was an-drred and 
then stored m a desiccator over anhydrous magnesmm perchlorate. The residue on ignition of 100 g 
of this resm was 30 mg (300 ppm), spectrographtc analysts of the residue showed the presence of 
alummmm, barium, calcmm, copper, gallium, magnesium, manganese, lead, strontium and silicon. 
These impurities were considered negligible. 

Procedures 

Standardlzatzon and determination. The EDTA solution was standardued against a standard solu- 
tion of copper nitrate prepared from metallic copper, by titration at pH 5 5 (pyndme buffer) the mdi- 
cator being Naphthyl Azoxme S” (NAS) prepared by dtssolvmg 1 g of the Eastman Kodak 
Company product m 100 ml of dilute ammonia (1 + 4). 

Copper(I1) and amc(I1) were determined by direct titration with EDTA m a pyndme buffer 
(pH about 5 5>, NAS bemg used as mdtcator. Bnmuth(III), cadmium(H), and lead(I1) were deter- 
mmed by adding a measured excess of EDTA solution and back-titrating with copper(I1) solution, 
using NAS indicator m a pyndme buffer. 

The tm(IV) content of soluttons was determined m&rectly. To the tm sample was added a 
measured excess of EDTA, 1 0 ml of concentrated sulphunc acid, and a few glass beads. The solution 
was boded for 15 mm and then cooled to 50” The pH was adjusted to 3 5 wrth sodmm hydroxide 
and hydrochlonc acid. A large amount of solid ammomum acetate was added. A measured excess 
of standard copper solutton was then added and the solution back-titrated with standard EDTA 
solution, with NAS as mdtcator. 

These procedures worked well m the analysis of the aqueous stock solutions of the various 
perchlorates. However, difficulties were experienced with the end-point m the presence of high 
concentrations of DMSO. These difficultres were ctrcumvented by dllutmg the sample with sufficient 
water to reduce the concentration of DMSO to below 10%. 

The stock solution of silver perchlorate was standardtzed by titration with standard potassium 
chloride, with dichlorofluorescem as mdlcator. None of the standard procedures for silver proved 
satisfactory for the silver m DMSO-hydrochloric acid solutton and a procedure was finally devised 
which mvolves polarography m a solution deliberately made 80 % m DMSO and 1M m hydrochlonc 
acid. The cell used, Fig. 1, consrsted of three compartments, the left carrymg the dropping mercury 
electrode, the centre a DMSO-hthmm chlonde salt bridge, and the right a sodium chlonde-calomel 
reference electrode. The electrolyte m all three compartments was replaced after each analysis 
although the fatted discs were of low porosity and replacement of the centre and right-hand electro- 
lytes may not have been necessary. The electrolyte for analysis was made 1 OM m hydrochlonc 
acid, and m the final volume of 100 0 ml contained 80 ml of DMSO and 1 00 ml of Trtton Xl00 
solutton (0 1% w/v Triton Xl00 and 0 1% w/v potassium chloride). Oxygen was removed by bubbling 
oxygen-free nitrogen through the solution. The polarograms were recorded from -0 2 to -0 75 V 
relative to the calomel electrode. The reduction wave of silver starts at -0 25 V and is contmuous 
with the mercury free wave. It has a maximum which is optimally suppressed by the stated amount of 
Tnton Xl00 The drffusion current was measured at -0 6 V by drawing a straight line on the polaro- 
graphic wave between -0 58 and -0 63 V, reading the current at -0 60 V and subtracting the 
residual current of a blank at the same potenttal. It was linearly related to the silver concentration 
up to 2 5 x 10-3M, the relative standard deviation bemg 1 ‘A at the 10-SM level 

Preparatron ofsolvents Solvents used for measurement of dtstnbutton coefficients were prepared 
by mixing DMSO and the appropriate hydrochlonc acid solution. The composition of the solvents 
and the hydrochlortc acid concentration were calculated from the volumes taken, without regard 
to changes m volume on mixing. The solvents used for effecting separations on columns were pre- 
pared by mixmg the DMSO and hydrochlonc acid and drlutmg to volume with water. 

Measurement of mass dlstrrbutlon coeficients. Approximately 1 g of dried cation-exchange 
resin was accurately weighed mto a 125-ml conical flask. Then 4 00 ml of the solution of the salt 
bemg studied were added and 46 00 ml of hqutd consistmg of the appropriate volumes and concentra- 
tions of DMSO, hydrochlortc acid and water. The flask was tightly stoppered and mechamcally 
shaken for 24 hr on a Burrell shaker The liquid was decanted from the resin and 40 00 ml were 
taken for the determmation of the metal ton remammg m solutton. The amount of metal sorbed on 
the resm was found by the difference between the amount of metal ion added and the amount re- 
maining in solution. 

Measurement of sorption rate Copper was chosen as a representative element for this study 
Hydrochloric acid solutions (0 3M m 70% DMSO) were prepared containing exactly 190 pmole 
of copper(I1) The solutions were equilibrated for varying lengths of time and 40 00-ml portions 
were withdrawn and used for the determmation of copper. 
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FIG. 1 

Separatron of mxtures. A slurry of the resin m the fist elutmg agent was poured into a 1*2-cm 
bore tube and allowed to settle, sufficient resin being added to give the desired height. A volume 
of 30 ml of the tist elutmg agent was then passed through the column to equilibrate the resm and 
elutmg agent. 

Portions of 10 00 ml of the 0 OSM stock solution of the metal bemg mvesttgated and 100 ml 
of concentrated mtrlc acid (to prevent hydrolysis) were transferred by pipette Into a Xl-ml glass beaker 
and evaporated very slowly on an electric hot-plate to a volume of l-2 ml or until crystalhzatlon 
began. Then 4 0 ml of the first elutmg agent were added and the mixture was swirled to effect the 
&ssolutlon of any precipitate. Some trouble was experienced at this pomt, especially with tm and 
bismuth; If the evaporation was carried too far, the precipitate which formed failed to dissolve, the 
sample was abandoned, and a new sample was subjected to shorter evaporation. 

The solution of the metal in the first elutmg agent was transferred to the column and the beaker 
rinsed with five l-ml portlons of the lirst elutmg agent. After the hquid level had dropped to the 
top of the resin bed, the reservoir containing the first elutmg agent was attached and elutlon begun. 
The flow-rate varied from 0 1 ml/min to O-7 ml/mm dependmg on the column height and on the 
concentration of DMSO m the eluent. Appropriate volumes of the effluent were collected and 
analysed for the metal. After the first metal was completely eluted from the column, as evidenced 
by the analysis of each volume of effluent collected, a second elutmg solvent was passed through the 
column and again portions of the effluent were collected and analysed. 

RESULTS AND DISCUSSION 

Distribution coepcients 

Dlstributlon coeffiaents were measured by the batch rather than the column method 
because it 1s simpler and provides the necessary information more rapidly. The 
dlstnbution coefficient 1s defined by 

D= 
mmole metal ion on resin/g of dry resin 

mmole metal ion in solution/ml of solution ’ 

in which the concentration in the resm is expressed in terms of grams of resin rather 
than volume of resin; thus, these are properly designated as mass distribution 
coefficients. 

The dependence of the mass distribution coefficients of bismuth(III), cadmium(II), 
copper( lead(II), tin(W), and zinc(I1) on the concentrations of DMSO and of 
hydrochlonc acid are shown in Figs. 2-7, respectively. The effect of increasing 
concentrations of DMSO and hydrochloric acid m depressing the distribution 
coefficient are indeed dramatic, extending through three orders of magmtude. The 
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effect 1s clearly that of promotmg the formation of non-dissociated chloro-compounds 
and DMSO compounds by mass actlon and decrease in dlelectrlc constant. 

The increase m the solubllity of the chlorides of blsmuth(III), lead and silver 
with increase m DMSO concentration is stnkmg. Of the seven metals studied, 
silver presented the greatest problem, owing to the insolublhty of the chloride. 
Stable solutions of silver chloride which remained clear on standing were obtained at 
high concentrations of DMSO if attention was paid to the order of addition of reagents, 
which should be DMSO, silver perchlorate stock solution, water, hydrochloric 
acid. The distribution coefficient for silver, however, was zero for all of the stable 
solutions of silver chloride, that 1s for 60-90 % DMSO-1M hydrochloric acid, 70-90 % 
DMSO-05--0*3M hydrochloric acid, 80-90 % DMSO-02-O~lM hydrochloric acid. 

Equlhbrmm was rapidly achieved in these systems, the study with copper indicating 
that 15 min was sufficient, Table I. 

Because it was convenient and because the results for copper may not be valid 
for the other metals studied, the various solutions were shaken for 24 hr. The precision 
m the measurements is also indicated by the results given in Table I. 

FIGS. 2-7. Effect of concentrations of DMSO and of hydrochloric acid on the dlstrlbutlon 
coeffiaents of various metals between Blo-Rad AG 5OW X8 and muctures of DMSO, hydrochloric 
acid and water. For silver see text. 
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,l, 02MHCl 

FIG. 7 

TABLE I.--RATE AT WHICH EQUILIBRIUM IS ATTAINED IN THE 

DISTRIBUTION OF COPPER BETWEEN 70% DMSO-0 3&f 
I-IYOROCHLORIC ACID AND BIO-RAO AG 50W x8 CATION- 
EXCHANGE RESIN; RBPRODUCIBILITy OF MEASUREMENT OF 

DISTRIBUTION COEFFICIENT 

Eqmllbratlon time, hr Dlstrlbutlon coefficient 

O-25 
0.50 
o-75 
1-o 
2-O 
30 
4.0 
5-O 

;:; 
10-o 

Average 
Standard deviation 

41.4 
44.7 
46-4 
45 3 
45.5 
44.3 
42-8 
45.9 
441 
44.2 
45 5 
45 1 

13 
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Separations on columns 

Separation of one metal from another was assumed to be feasible if the ratio of 
the distribution coefficients was greater than 4 (reasonable for a resin bed 1 cm in 
diameter and 10-20 ml in volume) and if the dlstrlbution coefficient of the second 
metal to pass off the column was greater than 10 (to ensure retention of the second 
metal while the first passed through). That is, for the metals A and B, DJD, should 

TABLE IL-SEPARATION AND ANALYSIS OF SYNTHETIC MIXTURES OF VARIOUS METALS 

Eluent 

Volume, Taken, Found,: Recovery, 
Metal Da DB DC DMSO, % [HCI],M ml mmole mmole % 

A BI* 
B Pb* 

A Bl* 
B Cu(II)* 

A BI* 
B Zn* 

A Zn* 
B Cu(II)* 

A Znt 
B Pbt 

A Cdt 
B Pbt 

A Agt 
B Cu(II)t 

A Agt 
B Pbt 

A Cd? 
B Znt 
C Pbt 

A Bit 
B Znt 
C Pbt 

A Bit 
B Znt 
c Cu(lI)t 

0 74 - 
- 0 - 

0 102 - 
- 0 - 

0 30 - 
- 0 - 

0 102 - 
- 0 - 

0 29 - 
- 0 - 

0 74 - 
- 0 - 

0 189 - 
- 0 - 

0 74 - 
- 0 - 

3 50 105 
- 0 29 
- - 0 

0 30 30 
- 0 29 
- - 0 

0 30 57 
- 0 102 
- - 0 

80 0.1 
90 05 

80 02 
90 10 

50 10 
30 0.5 

80 02 
90 1.0 

80 02 
90 03 

90 03 
80 01 

80 01 
90 10 

80 01 
90 03 

60 02 
80 02 
90 03 

30 05 
80 02 
90 03 

30 0.5 
80 02 
90 10 

130 
70 

1:; 

50 
40 

45 
105 

55 
130 

100 
130 

150 
130 

150 
120 

155 
50 

130 

95 
65 

140 

95 
60 

130 

0.442 0441 99 8 
0.564 0564 100.1 

0442 0441 99.8 
0.694 0 693 99 9 

0 475 0 474 99 8 
0442 0441 99 8 

0 474 0 472 99 6 
0 694 0.691 99 6 

0 475 0 478 1005 
0.564 0564 1000 

0.564 0 563 99 8 
0 575 0 574 99 8 

0 498 0 496 99 7 
0 695 0 694 99 9 

0 498 0 502 100 8 
0 564 0,563 99 8 

0.574 0 571 99 5 
0 474 0 473 99 8 
0 564 0 562 99.7 

0442 0441 99 7 
0 474 0.412 99 6 
0564 0 563 99-9 

0442 0440 99 6 
0 474 0 469 99.0 
0 694 0 695 1001 

*Column12 x 12cm 
t Column 1.2 x 16 cm. 
$ Average of at least 2 replicates. 

be >4, and D, > 10. Thus for the mixture of bismuth and lead, the distribution 
coefficients in 80% DMSO-O-1M hydrochlonc acid are 0 (the ideal case) and 74, 
respectively, and m this solvent bismuth should pass through and lead be retained; 
m 90% DMSO-O-5M hydrochloric acid the distribution coefficient of lead is 0 and 
the lead should be eluted. In practice, this separation worked just as expected, 
Table II. The separations were successful for the following pairs: bismuth from 
lead; bismuth from copper(I1); zmc from bismuth; zmc from copper(I1); zinc 
from lead; lead from cadmium; silver from copper(I1); silver from lead. Separa- 
tions were also successful for the mixtures of three metals: lead, cadmium, and 
zinc; bismuth, lead and zinc; bismuth, zinc and copper. 
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Because of the high concentratron of DMSO requrred to hold silver m solution, 
the number of separations mvolvmg srlver was quite limited. The separations of 
silver from copper and from lead were successful; the separation of silver from 
copper plus lead was also successful but the complete analysrs of this three-component 
mixture was not. 

Separations were attempted for several pairs for whrch the distribution coefficients 
mdrcated that the separatron should be possrble although margmal. Thus, m the 
separatton of bismuth from tin (Dsn = 13, D,, = 2.7 m 60% DMSO-O+2M hydro- 
chloric acid), the tin began to pass off the column before the brsmuth was completely 
eluted. Smrilarly unsuccessful were the separations of bismuth from cadmium (DC, = 

20, D,, = 4.0 in 20% DMSO-0.3M hydrochlorrc acid); of cadmium from btsmuth 
(DB1 = 18, D,, = 7.3 in 90% DMSO-0*2M hydrochloric acid); of lead from 

coppcr(W (Dc,(rIj = 12, D,, = 0 in 80% DMSO-0*3M hydrochlorrc acid); and of 
lead from tin(N) (D,, = 15, DSncIVJ = 0 in 90% DMSO-O*lM hydrochloric acid). 

Zusammenfassun~-Das Verhalten von Wrsmut, Cadmium, Kupfer, 
Blet, Srlber, Zmn und Zmk an emem Kattonenaustauschharz m emem 
Losungsmrttelsystem aus Drmethylsulfoxrd, Salzsaure und Wasser 
wurde untersucht. Dre Vertetlungskoeffiztenten der genannten Metal- 
honen zwrschen Losung und Harz wurden m Abhangtgkert von der 
Konzentratron an Drmethylsulfoxrd und Salzsaure untersucht. Auf 
Grund der gefundenen Vertetlungskoeffzrenten werden Voraussagen 
uber dre Moghchkert von Abtrennungen dreser Metalle aus Gemtschen 
gemacht. Experrmentell vertfiztert wurde dre Trennung von Wtsmut 
und Bier, Wrsmut und Kupfer, Zmk und Blet, Blet und Cadmmm, 
Stlber und Kupfer, Srlber und Blet, Cadmmm und Zmk, Wrsmut, Bier 
und Zmk sowte Wtsmut, Zmk und Kupfer. 

RBsum&-On a Btudte le comportement des brsmuth, cadmium, cmvre, 
plomb, argent, &am et zmc sur une r&me echangeuse de catrons 
dans un systeme solvant conststant en drmethylsulfoxyde, actde 
chlorhydrrque et eau On a determine les coefficients de partage de 
ces ions metalhques entre le hqmde et la r&me en fonctron des con- 
centrations du dtmethylsulfoxyde et de I’acrde chlorhydnque. Sur 
la base des coeffictents de partage trouves, on a fart des prevrsrons 
sur les possrbthtes de separation de ces metaux de melanges. De 
telles separations ont et& confirm&es experimentalement pour le 
bismuth du plomb, le bismuth du cmvre, le zmc du plomb, le plomb 
du cadmuun, l’argent du cutvre, l’argent du plomb, le plomb du 
cadmium et du zinc, le brsmuth du plomb et du zmc et le bismuth 
du zmc et du curvre. 
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Summary-Studies were carried out on the optimum condltlons for 
the successful use of a large quartz spectrograph for the determination 
of thornun, yttrium and the rare earths m silicate rocks. The best lme- 
to-background ratios were achieved by arcing samples in a matrix of 
4 % sodium chloride m carbon powder. An atmosphere of 20 % argon 
and 80% oxygen was used to reduce background and eliminate cyano- 
gen band interference. An anion-exchange procedure was used to 
separate the rare earths from other elements. The resultant enrichment 
allowed use to be made of less sensitive rare earth lines m the ultraviolet 
end of the spectrum where the spectrographic dispersion 1s greater. 
Lme interferences were studied and necessary corrections for these 
interferences were calculated The technique was tested by analysmg 
the standard rocks, G-l, W-l and CAAS syemte. Good agreement 
with recommended values was obtained 

EMISSION SPECTROGRAPHY has been for many years one of the most sattsfactory 
methods for the determmation of rare earths m s1hcates.l Unfortunately, thus tech- 
nique suffers from several Inherent dtsadvantages. These are: productton of htgh 
background due to complex spectra of the rare earths; interference from trtamum, 
non and other rare earths; the necessity of high current@ and arcmg times because 
of the relattve mvolatthty of the rare earth oxides. This latter factor also results m 
high background due to cyanogen emission m the range 3500-4200 A where most of 
the useful analysis lures of the rare earths are found 

Lme interference may be reduced by use of a hrgh-dispersion grating Instrument 
and cyanogen emission may be controlled by arcing m various nitrogen-free atmos- 
pheres such as carbon droxrde,4 argon, hehum, oxygen6 and a mixture of argon and 
oxygen. 6,7,8 The use of a rare-gas atmosphere results m enhancement of ion lme 
mtensrtres relattve to those of atom lines and an Improvement of sensitrvrty due to 
the reduced background The mam disadvantage IS that arcmg times of the order of 
minutes are required. Another approach to the problem of background is the carrrer 
drstrllatron method7*s*10 whrch allows arcing trmes to be reduced by increasing vola- 
trhzatron rates. To obtam high-precieon quantitative results, use of zirconium,lr 
palladmm,12 and certain rare earths 1*13~14 as internal standards has been recommended. 

The relatrvely high sensttrvity of rare earth analysts referred to m the hterature1,15 
was obtained via a high-drspersion Instrument. The quantitative determinatton of 
yttrmm, thorium and the rare earth elements with a large quartz spectrograph is 
extremely dtfficult because of the low dispersion of the instrument m the regton where 
the analysis lmes occur. This results in mterference from major constrtuents of a rock 

1449 



1450 N E. COHEN, R. D. REEVES and R. R. BRINKS 

a 

Wavelength (A) 

FIG 1. a. Reciprocal dlsperslon (.&/mm) as a function of wavelength (A) for the 
Hdger E742 quartz-optics spectrograph. 

6. Resolution (A) as a function of wavelength (A) for the same instrument. 

sample, particularly from such elements as iron and titanium. Even when these 
elements have been removed, mutual Interference still exists owmg to the extremely 
complex spectra of yttrium, thormm and the rare earth elements. 

Figure la shows the variation of reciprocal dispersion (A/mm) as a function of 
wavelength (A) and Fig. lb shows the resolution of the instrument (A) as a function 
of wavelength, for the Hilger E742 large automattc quartz-optics spectrograph. The 
method of determinmg the resolution is shown m the experimental section of this 
paper. A curve for a gratmg instrument is not shown m the figure, since the dtspersion 
is constant at about 5.5 A/mm for a 3-4-m instrument. 

There is clearly a need for a method which will permit the use of a large quartz- 
optics mstrument m rare earth determination. To achieve this aim it is essential to 
carry out a separation of yttrmm, thormm and the rare earths from the major con- 
stituents of the sample to be analysed. The effect of such a separation is two-fold: 
not only are some line interferences removed, but also the enrichment effect enables 
use to be made of weaker rare earth lines in the ultraviolet end of the spectrum where 
the optical dispersion of the instrument is greater and where line interference is hence 
reduced. 

Separation methods commonly used are: precipitation of rare earth elements as 
hydroxides3 or oxalates,* solvent extraction5*e*g*10*11 and ion-exchange.16--21 Precipita- 
tton and solvent extraction techniques often prove unsuitable because of incomplete 
recovery. Cation-exchange usually involves large elutmg volumes with a consequent 
reduction m the concentration of the analysts element. 

Korkisch and ArrhemusZ2 used anion-exchange to separate yttrium, thorium, 
uranium and the rare earths from macro-constituents. Carswell, using amon- 
exchange, separated thorium from uranmm, and Danon2* separated some rare earth 
elements from thorium. 

In the work described in this paper, a survey was made of the optimum conditions 
for the spectrochemtcal determmation of thorium, yttrium and rare earth elements 
with a large quartz-optics spectrograph The survey includes observations on the 
effects of such vartables as: gas conditions, carriers, currents and the selection of a 
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suitable internal standard. Special attention was given to a study of mutual inter- 
ferences of rare earth elements, Also, a sunable anion-exchange procedure is de- 
scribed for separation of thorium, yttrmm, the rare earths and uranium from macro 
elements, followed by fractionation of thorium, yttnum and rare earths from uranium 
before their determination. 

A combination of the anion-exchange separation and improved spectrochemical 
analysis allowed data for these elements to be obtained for the standard rocks 
G-1,25 W-125 and CAAS syenite.2s 

Although this procedure was developed specifically for a large quartz instrument, 
it will also serve to improve analyses carned out with a gratmg spectrograph. 

EXPERIMENTAL 

Apparatus 

The experiments were carried out on a Hdger E742 Large Automatrc Spectrograph with quartz 
optics (reciprocal drspersron 12A/mm at 4OOOA). A Huger mrcrodensitometer wtth Galvoscale 
calibrated m B-values” was used for densrtometry. 

An Image of the arc was focussed on the sht via a quartz spherical lens and the spectra were 
recorded on Ilford G-30 spectrographic plates developed for 44 mm in Kodak D19b developer at 20”. 

Sample preparatron 

In all cases, solutions of rare earths, whether as ion-exchange eluates or as pure solutrons for 
testing arcing conditrons, were treated in the followmg standard manner. 

A quantity of tinely-drvrded carbon powder (50 mg) was added to not more than 50 ml of a solutton 
of yttrmm, thormm and rare earths contamed in a lOO-ml beaker. The carbon powder (120-mesh) 
contained an added internal standard. After addition of the required amount of carrier, the contents 
of the beaker were evaporated to dryness at 80” and the dry carbon powder was removed, ground 
m a mortar and loaded mto graphite electrodes (cavity 6 mm deep and 15 mm bore) whrch were 
dried at 130” for 2 hr. 

Choice of arcing condztions 

Preliminary experrments wrth various arcing atmospheres such as carbon droxide and varying 
proportions of an argon-oxygen rmxture indrcated that the best condrtions for elimination of 
cyanogen interference bands and for the reduction of background were achieved with a mixture of 
80% oxygen and 20% argon. 

Use of earner for improving sensltwities 

An mvestrgation was made of the variation of sensttrvtty with such variables as type of carrier, 
carrier concentratron, arcing times and arcing currents. All experrments were carried out wrth an 
80 % oxygen-20 % argon nu%ure. 

Ahrensl divides the rare earths into three volatrhty groups. Representative elements (ytterbmm, 
lanthanum, cermm, europmm, holmmm) from each &f &se three groups were taken as well as 
yttrium and thormm. Samples contaimng 1OOppm of each of these elements were prepared m 
matrices containing 2, 4 and 6% of the followmg carriers sodium chlorrde, sodium fluoride, 
caesium chloride, sdver chloride. Samples without carrter were also prepared for comparison. 

Volatihzatron curves were obtained for each sample at 8, 10, 12 and 14 A (dc. arc with anode 
excitation). 

Time for complete volatrhzation without carrier was 35 set, whereas wrth carrier the time varied 
from 20 set at 14 A to 30 set at 8 A wrth all carriers and concentratron ranges Line-to-background 
ratios were computed for each set of condrtions and showed that all carrrers mcreased the hne-to- 
background ratio and improved the detection limit of each element 

With each carrier, this effect usually increased to a maxtmum at 10 and 12 A, decreasing again 
at 14 A. It was observed that 4 and 6% sodium chloride at 10 and 12 A respectrvely provrded the 
largest increase m line-to-background ratios and improvement m the detectron hmtt for every 
element Results obtamed for some representatrve elements under these condrtrons are shown m 
Table I 
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TABLE I.-LINT-TO-BAC~GRO~ RATIOS AND DETECTION LIMITS FOR HOL~UM, YTTERBIUM 
AND THORIUM 

Current, 4 % NaCl carrier 
A A B 

6 % N&l carrier 
A B 

No carrier 
A B 

Ho 3456 10 96 15 95 30 22 90 
12 90 15 130 30 2 3 6*0 

Yb 3289 10 320 06 36 0 O-6 4.2 50 
12 340 0+6 480 04 62 5*0 

Th 4019 10 4.6 50 40 60 14 9.0 
12 35 50 32 50 14 90 

A Line-to-background ratlo. 
B Approximate detectlon hmlt (ppm) as calculated from successive dllutlons of standards and 

photometric measurements of lme mtenslties. 

Pa~~adzum and zzr~oaiam as internal standards 

To mvesttgate the smtabdtty of palladium and zItconmm as internal standards for yttrmm, 
thorium and the rare earths, samples contammg 100 ppm of each of these elements and 1000 ppm 
palladmm and zlrcomum were prepared m carbon matrlces containing 4 and 6% sodmm chloride. 
Each sample at a particular concentration of carrier was arced at 10 and 12 A m the argon-oxygen 
atmosphere and successive exposures were made at 5-set intervals In all cases, the volatdlzatlon 
behavxour of palla~um more closely resembled that of yttrium, thorl~ and the rare earths than 
did that of zrrconmm, whrch requned up to 15 set longer for complete volatrhzatron. The results 
also showed that m a sample contarmng 4% sodium chloride and arced at 10 A, the volatrhzatron 
of palladmm resembled that of yttrium, thormm and the rare earths more closely than under any of 
the other condrttons employed Volatrhzatton at 10 A with 4% sodium chloride was complete m 
under 25 sec. Wnh palladium as internal standard, coeffiaents of vanatron ranged from &6% for 
common elements such as lanthanum and cermm to 115 % for elements of low con~ntration such 
as samarium and lutecmm. 

Dzssolutzon of rock samples 

Concentrated mtrrc and concentrated hydroffuorrc acrds (15 ml of each) were added to 1 g of 
finely-dlvld~ rock sample (120-mesh) m a 250-m] teflon beaker and evaporated to dryness over a 
penod of 2-3 hr. Then 15 ml of concentrated nitric acid were added to the resrdue, which was next 
transferred to a 150-ml glass beaker and slowly evaporated to dryness. To thrs residue were added 
15 ml of a 9.1 mixture of glacial acetic acid and SMmtrrc acid, and the whole was transferred toa tube 
and centrifuged. The supernatant hqurd was retained and the residue was again treated wrth 15 ml 
of concentrated mtrrc acid, evaporated to dryness, taken up m 15 ml of the acetic acid-n&c acrd 
mixture and centrrfuged The solutron was retained and the restdue was dried, weighed, mixed m 
1.3 ratio with sodmm peroxrde and fused m a platmum crucible at 480” for 7 mm.= The melt was 
neutralized with mtrrc acrd and the solutron was centrifuged. Any sohd remammg was hscarded. 
Sufficient glacial acetic acid to give the correct ratio of acetrc acid to mtrrc acid was added and all 
three supernatants were combmed. The total volume was usually 70-80 ml. 

The procedure used was a modrficatron of work reported by Korktsch and Arrhemus *a The 
method used was as follows. 

A 150 x 10 mm column of Dowex 1 x 8 (loo-mesh) m the nitrate form was rmtrally equrhbrated 
wrth 45 ml of the acetic acid-mtnc acrd mixture. The rock solutton m the same medium was passed 
through the column at a flow-rate of 0 7 ml/mm followed by 50 ml of the acrd mrxture to remove 
any w~kl~adsor~d elements. Yttrmm, thormm, ~~1~ and the rare earth elements reman& 
adsorbed on the resin. 

Uranmm was separated from thorium, yttrium and the rare earths by elutmg wrth 35 ml of 6M 
hydrochlorrc acrd This converted the uranium mto rts correspondmg chloro-complex whtch re- 
mained adsorbed on the column, whereas yttrmm, thorium and the rare earths were eluted as they 
do not form chloro-complexes at this acrd strength. The uramum was eluted with 25 mI of O-l&f 
hy~~hlorlc acrd and then dete~lned fluor]metrl~Ily 89 
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Mutual znterference of yttrzum, thorzunz and rare earth analysis lznes 

The resolution of the large quartz spectrograph was determined arbitrarily by use of the Hdger 
mrcrodensrtometer, wtth and without a chart recorder. The rmmmum d&tnce between any two 
resolvable lines on the photographic plate was determined and found to be about @04 mm. With use 
of this value, Fig. lb was obtained from Fig. la. 

From these figures it is posstble to calculate a potential interference band of wavelengths on 
either side of the analysis hne, at different wavelengths. From the NBS tables,80 possible interfering 
rare earth element lines may be found The extent to which the elements interfere can be obtained 
approximately from the formula: 

% Interference = 100 x - 
A,& 

where A,, A, are the respective abundances of the interfering and analysis elements and I,, I,, are the 
respective line intensities. 

It must be emphasised that If mtenslty values from the NBS Tables are used to compute this 
interference, the results may be different from those obtained with experimental condmons different 
from those used by the authors of these tables. 

To check the valubty of this formula under the condttrons used, separate solutions were prepared 
from “Specpure” rare earth oxides for each mterfermg element Samples contammg 100 ppm of 
each element were prepared and arced under the standard conditions 

Results showed that for a predicted interference of up to lo%, no interfering line was detected m 
the spectrum of the rare earth element. 

Table II lists the analysis lines used for yttrium, thorium and the rare earths with the respective 
interfermg lines of other rare earth elements and intensity ratios for subsequent correctton. The 
analysts lines tested are not always the recommended R.U. lines but m some cases are lines of lower 
wave-length which, although of lower sensmvtty, may still be used because of the ton-exchange 
enrichment and separation procedure. The table does not hst all the posstble interfering lines as 
given m the NBS tables but only those whtch give an interference of more than 10% (consldermg 
the normal abundance ratios of these elements) as calculated by the formula and which were detectable 
m the spectrum of the pure element. In all cases, the highest likely concentration of the interfering 
element was taken m order to allow for the maximum interference possible. 

When sign&cant interferences are obtamed, correcttons are made as m the followmg example. 
As the neodymium line at 4040 80 A Interferes with the cermm lme at 4040.76 A, the mtenstty ratto 

TABLE II-ANALYTICAL LINES AND INTERFERENCES 

Analytical lines, 
Lf (zntensztzes)* 

Interferey range, 

(from Ftg lb) 

La 399575 (360) 
Ce 4040.76 (150) 
Pr 4179.42 (460) 

Nd 4061.09 (280) 
Sm 425638 (140) 
Eu 4205 05 (4000) 
Gd 3422.57 (700) 
Tb 332440 (400) 
Dy 3531.70 (2000) 
Ho 3456.00 (1800) 
Er 369264 (700) 
Tm 3462.20 (800) 
Yb 3289 37 (2600) 
Lu 2911.39 (600) 
Y 3327.89 (600) 
Th 4019.13 (300) 
Pd 3421.24 (1400)1_ 

ho-48 
&O 50 
*o 55 

A0 50 
*o 59 
&to*57 
10 30 
&O-27 
10.33 
10 31 
fO*38 
kO.32 
1027 
&to 18 
kO.27 
kO.50 
*to+30 

Interfering lines, 
A (zntensztzes)* 

None 
Nd 4040.80 (180) 
Ce 4179 29 (5) 
Nd 4179 38 (38) 
Th 4179 71 (18) 

None 
Ce 4256.16 (12) 

None 
None 
None 
None 
None 
None 
None 
None 

Th 2911 32 (8) 
None 

Ce 4019.04 (14) 
None 

Intensity ratios of mter- 
fermg lines and reference 

correction lines 

None 
Nd 404O/Nd 4061 = 0.732 
Ce 41791Ce 4019 = 0.076 
Nd 417Fj/Nd 4061 = 0.067 
Th 4179/Th 4019 = 0.051 

None 
Ce 4256/Ce 4040 = 0.092 

None 
None 
None 
None 
None 
None 
None 
None 

Th 2911/Th 4019 = O-027 
None 

Ce 4019/Ce 4040 = 0.237 
None 

* Intensmes from NBS Tables so 
i Internal standard. 
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of the neodymium lines at 4040 and 4061 A m the absence of cermm, was measured and found to 
be O-732. The corrected cermm intensity at 4040 76 A IS obtamed by subtracting 73 % of the 
neodymium intensity at 4061.09 A from the observed value for the cermm line. 

The correctton of analysrs lines for interference should be carried out m the followmg sequence: 
correctron of Ce 4040 for Nd 4040 interference 1s followed by correctron of Th 4019 for Ce 4019, usmg 
the corrected Ce 4040 intensity value. The interference-free Ce 4040 and Th 4019 intensities having 
been obtained, Pr 4179 can be corrected for neodymium, cermm and thorium mterferences. Working 
curves for interference-free elements can he prepared by dilutron of a common mrxed standard but 
other working curves must be prepared from indivrdual unmrxed standards. 

RESULTS AND DISCUSSION 

Experiments were carried out to test the recovery of elements from the ion- 
exchange column. Table III shows the results obtamed for some representative 
elements. Analysis of the standard rocks G-1,26 W-125 and CAAS syenite2s for 
yttrium, uranium, thorium and the rare earths was carried out by the procedure 
developed. Table IV shows the results obtained. 

TABLE III.-RECOVERIES FROM ION-EXCHANGE SEPARATIONS 

Element 

La 
Ce 
Nd 
Sm 
Eu 
Gd 

DY 
Ho 
Y 

Added, ,ug Recovered, ,ng 

300 280 
300 309 
300 309 
100 102 
100 98 
100 99 
100 102 
100 102 
100 100 

TABLE IV.--C~MPARISON OF SP~~~~~~RAPHIC, NEUTRON-ACTIVATION AND RECOMMENDED VALIJES 
FOR THORIUM, YTTRIUM, URANIUM AND THE RARE EARTHS IN G-l, W-l AND c&is SYENITE 

G-l 
Element 

A B C D- 

La 100 80 102 102 
Ce 200 160 200 134 
Pr 19 16 17 20.9 
Nd 60 43 55 54 6 
Sm t5 <lO 11 86 
Eu o-9 1 1 1.04 
Gd 7 <lO 5 4.88 
Tb <2 <50 06 05 
DY 2 t20 2 nd 
Ho 0.4 <l 05 05 
Er 1.4 <lO 2 14 
Tm <3 <1 02 0.2 
Yb 06 0.8 1 0.62 
Lu 0.1 <lo 0.15 0 17 
Y 12 12 13 12.5 
Th 30 21 52 n.d. 
U 2.6 <50 37 n.d. 

W-l CAAS Syenite 

A C D 

10 20 117 
20 25 24 

5 4, 3 68 
16 17 15 1 

t5 5 3.79 
15 1.1 1.09 
4 4 4.2 

<2 0.8 0.75 
2 4 n.d. 
3 12 1 35 
25 3 2 57 

<3 03 0 35 
15 3 21 
0.3 03 0.33 

11 25 23 8 
1 24 nd 
15 05 nd 

A B E 

187 245 230 
350 625 300-1100 
137 140 <500 
300 305 325 
<5 245 <IO0 
15 8 t500 
72 48 150 

<2 <50 <lOO 
100 135 150 

21 2 <lOO 
57 42 <50 

<3 5 <lOO 
90 57 45-110 

15 <lO <lOO 
450 450 500 
710 1300 1400 
595 2700 2500 

A-Thts work. 
B-Tennant and Fellows*r (direct arcmg wrth high-dqersron instrument). 
C-Fbscherss (recommended values for G-l and W-l). 
D-Haskin and Gehl*’ (neutron acttvatron). 
E-Webbers6 (recommended values for CAAS syenite). 
n.d.-Not determined. 
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The agreement between the spectrographic results obtained by us for G-l and 
CAAS syenite and those obtamed by Webber26, and Tennant and Fellows31 is very 
good. Agreement with the recommended values of Fleischer25 and particularly the 
neutron-activation data of Haskin and GehP2 for G-l and W-l, is excellent. 

It is concluded that the results in Table IV have demonstrated the possibility of 
using a large quartz-optics spectrograph for the determination of yttrium, thorium 
and the rare earths provided that an initial separation is carried out. The method 
should also prove helpful for analyses carried out with a high-dispersion instrument. 

Acknowledgement-The authors are grateful to the Mmeral Resources Sub-Commrttee of the New 
Zealand University Grants Committee for the provision of funds to support this project. 

Zusammenfasstmg-Die optimalen Bedmgungen helm Einsatz emes 
groPen Quarzspektrographen zur Bestunmung von Thormm, Yttrmm 
und den seltenen Erden m Slhkatgestemen wurden aufgesucht. Die 
besten Verhaltmsse von Lmlen zum Untergrund wurden beim 
Abfunken der Proben m emer Matrix von 4% Natrmmchlond m 
Kohlepulver errelcht. Zur Ausschaltung von Dicyan-Banden und zur 
Vermmderung des Untergrundes wurde eme Atmosphare von 20% 
Argon und 80% Sauerstoff verwendet. Die seltenen Erden wurden 
uber em Amonenaustauschverfahren von anderen Elementen abge- 
trennt. Die dadurch erzlelte Anrercherung erlaubte die Verwendung 
wemger empfindhcher Lumen der seltenen Erden am ultravroletten 
Ende des Spektrums, wo die Dispersion grader 1st Storungen der 
Lmien wurden untersucht und die notwendigen Korrekturen fur dlese 
Storungen berechnet. Das Verfahren wurde durch Analyse der 
Standardgesteme G-l, W-l und CAAS-Syemt gepruft. 

RCsum&-On a men& des etudes sur les condmons optimales d’emplol 
couronne de succ& dun spectrographe a grand quartz pour le dosage 
du thorium, de l’yttrmm et des terres rares dans les roches aux sill- 
cates. Les mellleurs rapports rare a fond ont CtC reahses en traitant les 
Bchantdlons dans une matrice de 4% de chlorure de sodium dans la 
poudre de carbone On a utdlse une atmosphere de 20% d’argon et 
80 % d’oxygene pour rtdmre le fond et ehmmer l’mfluence de la bande 
de cyanogene. On a utihse une techmque d&change d’amons pour 
&parer les terres rares d’autres elements. L’ennchrssement resultant 
a permls l’utlhsatron de rares moms sensrbles des terres rares dans 
l’extremlte ultra-vlolette du spectre oh la dispersion spectrographlque 
est plus grande On a Ctudre les mterferences de raies et calcule les 
corrections necessaires pour ces interferences La technique a Btt 
essayee en analysant les roches Btalons G-l, W-I et syemte CAAS. 
On a obtenu un bon accord avec les valeurs recommandt5es. 
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Summary-The mechanism of the substrtution reaction between the 
bmuclear zmc-triethylenetetrammehexa-acetic acid (TTHA) chelate 
(Zn,X”-) and calcmm ions was studied by the polarographic techmque. 
The results obtained under eqmhbnum and kinetic conditions per- 
mitted formulatron of the reaction mechanisms as 

ZnzXa- + Ca*+ + 4NH, P ZnXCae- + Zn(NH,),e+ 

Zn,Xa- + 2Ca*+ + 8NI-I~ + Ca,XB- + 2Zn(NH&*+ 

CasXB- + 2Zn(NH.J,e+ + ZnXCae- + Zn(NH,)p”+ + 4NH8 

depending on the ratio Zn:Ca m the system studied The reaction 
studied proceeds only m the presence of ammonia. When calcmm 1s 
replaced with a metal which has a TTHA chelate more stable than 
ZnaXB-, the mixed binuclear chelate 1s not formed. 

ELECTROPHILIC substitution reactions of the chelates of the EDTA type are often 
studied in detail, in connection with analytical applications,14 examination of the 
kinetics and mechanism,54 or determination of stability constants.9-12 Spectrophoto- 
metric methods are frequently used, but the polarographic technique**9*13-1a can also 
be applied because the measurement of the polarographic current does not influence 
the establishment of the substitution equilibrium. This paper presents the results of 
polarographic study of the reaction of zinc(I1) chelates of triethylenetetraminehexa- 
acetic acid (TTHA)17-21 with calcium ions. The corresponding substitution reactions 
involving EDTA1s2 or EGTA% chelates are well known and have been used analytically. 

In the system containing TTHA, zinc and calcium ions, the mechanism of the 
substitution differs from that for EDTA or EGTA chelates. 

EXPERIMENTAL 

Reagents 

All solutrons were prepared from reagent-grade chermcals The zinc solutton was standardized 
by amperometrrc and visual trtratron with EDTA. Other metal salt solutions were also standardized 
with EDTA trtratrons. TTHA solution (0 01&Z) was standardtzed by visual titration wrth zmc 
solution.13 

Apparatus 

Polarographic measurements were performed with a Metrohm Polarecord E 261 R, usmg an H- 
type polarographtc cell with a separate saturated calomel electrode. The temperature of polaro- 
graphed solutrons was kept constant at 22” m a thermostat. 

10 1457 
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Procedure 
The concentratron of non-chelated zmc(I1) ions m the system Zn-TTHA-Ca was measured 

polaropraphicallv. Because the zmc-TTHA chelates are uolaroeranhicallv inactrve8* the method of 
meas&ment was as follows. Frrst the herght of the zmc w’ave wa’s measured m the absence of TTHA. 
After the addition of TTHA the height of the wave decreased. Addmon of calcium resulted m the 
release of zmc ions and the height of the measured wave agam increased. Thts increase was measured 
as a function of time, till a constant value was reached. 

RESULTS AND DISCUSSION 

Preliminary measurements 

First the formation of the Zn,X2- chelate (H,X = TTHA) in ammoniacal solution 
was verified by amperometric titration. The height of the zinc wave decreased, 

0 05 IO I5 20 
Llgand, mmole 

FIG. I.-Amperometrrc titrations of 1: 1 mixture of zinc and calcium ions with TTHA. 
1. Theorettcal tttratton curve if only CaX*- and ZnX*- are formed. 
2. Theoretical tttratron curve rf only ZnCaX*- is formed. 
3. Theoretical trtratron curve if only CaX*- and Zn,X chelates are formed. 
4. Expermental titratton curve. 
5. Theoretrcal trtratron curve for the trtratron of Zn wrth TTHA. 

becoming zero at the molar ratio Zn:TTHA = 2: 1. Further addition of ligand did 
not alter the shape of the polarographic curve. Preliminary measurement in the Zn- 
TTHA-Ca system showed that the release of zinc(II) ions from the Zn,Xa- chelate 
takes place only in media containing ammoma. The displacement of zinc was found 
to be time-dependent, the rate of the reaction depending on Zn: Ca ratio and the 
concentration of ammonia. When the ratio Zn: TTHA : Ca was 2 : 1: 1, the amount of 
zmc ions released was 50 % of the initial concentration of zinc. This led to the hypoth- 
esis that under given conditions a mixed bmuclear chelate ZnXCa2- can be formed 
in the system studied. 

This hypothesis was first tested experimentally by amperometric titration with 
TTHA of an equimolar mixture of calcium and zinc, the concentration of non-chelated 
zinc ions being measured. The shape of the titration curve depends on the mecha- 
nism of formation of the chelates involved. If only the binuclear chelate ZnXCaz- is 
formed during the titration, the resulting titration curve should be as shown in Fig. 1, 
curve 2. If no binuclear chelate is formed (only CaX4- and ZnX4- chelates successively 
formed), the curve should have the shape found for titration with EDTA,25*26 of a 
mixture of zinc and calcium ions see Fig. 1, curve 1. If, on the other hand, only the 



Chelates of trlethylenetetrammehexa-acetlc acid 1459 

chelates CaX4- and Zn,X2- were successively formed, the resulting titration curve 
should be as shown in Fig. 1, curve 3. Titration of zinc ions alone gives curve 5 in 
Fig. 1. The experimental curve for titration of an equimolar mixture of zinc and 
calcium ions is given as curve 4 in Fig. 1. Similar curves were obtained for titration of 
zinc and calcium in various ratios. 

In all these titrations the total consumption of the &ant showed the formation of 
CaX4- and Zn2X2- chelates, but the course of the titration curve suggested a more 
complicated reaction mechanism. The experimental curve can be interpreted as 
follows. At the beginning of the titration the mixed binuclear ZnXCa2- chelate is 
formed nearly quantitatively, owing to the large excess of both metals relative to 
the hgand. This part of the curve should therefore closely follow curve 2 in Fig. 1. 
During further addition of ligand the most stable chelate should form, Zn2X2-, but 
the free calcium ions may displace zinc from this chelate. The resultant effect will be 
that the concentration of non-chelated zinc ions will be lower than that for formation 
of mixed binuclear chelate only, but higher than that for formation of the Zn2X2 
chelate only. In the region just before the end-point of the titration the concentration 
of the &ant is so high that the relatively labile ZnXCa2- chelate dissociates and the 
resulting products are Zn2XZ- and CaX4-. 

Reaction between Zn2X2- chelate and calcium ions 

EquiZibrium study. The curve for calcium and zinc titrated with TTHA showed 
some evidence of the formation of the mixed binuclear chelate ZnXCa2-. The 
exchange reaction was therefore formulated as 

Zn2Xa- + Ca2+ + 4NH 3 + Zn(NH&2+ + ZnXCaa- (1) 

Because the mixed chelate is expected to be not very stable, reaction (1) is probably 
valid only for certain Zn: Ca ratios. Under optimum conditions, the validity of 
reaction (1) can be verified by calculation of the equilibrium constant K,, defined as 

K 
1 

= [Zn(NH&42+] [ZnXCaz-] 

[Zn2X2-] [Caa+] [NHJ4 (2) 

To obtain the data for the calculation of K,, a series of measurements was carried 
out as describedunder Procedure, with 1.0 x lOAM zinc and O-5 x lO*M TTHA and 
the calcium concentration varied from 0 to 2.0 x 103M, in solutions with various 
concentrations of ammonia. The concentration of zinc ions released was determined 
under equilibrium conditions, 10 min after mixing of the components. 

The results are presented in Fig. 2. It is evident that in the ammonia concentration 
range 2-6M, the course of the reaction was practically uninfluenced by the concentra- 
tion of ammonia, and that one equivalent of calcium was enough to release one 
equivalent of zinc. The results obtained suggest that the reaction mechanism is well 
expressed by reaction (1) which in turn can be expressed as two simultaneous reactions 

Zn2X2- + Ca2+ .$ ZnXCa% + Zn2+ 

Zn2+ + 4NH, + Zn(NH),2+ 

(3) 

(4) 
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To reactions (3) and (4) correspond the equihbrium constants K, and Ks, defined as 

K 
2 

= [ZnXCa2-][Zn2+] 

[Zn,X2-] [Ca2+] 

The equilibrium constant KI of reaction (1) is therefore given by 

Kr = K2K3. (5) 
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FIG 2.-Displacement of ZrP+ ions from the Zn,XB- chelate wIthCaB+ ions as a function 
of added [Caa+] and [NH,]. 

Ammonia concentration: 1---@3M; 2--0*6M; 3--0*9M, 4-1*4M, 5-2M, 6-6M. 

The total concentrations of zinc, Cz,, calcium, Cca, ligand, C,, and ammonia, CA, 
are defined as 

Cz, = 2[Zn2XZ-] + [ZnXCa2-] 

Cc, = [Ca2+] + [ZnXCaz-] 

C, = [Zn2X2-] + [ZnXCa2-] 

CA = [NH31 + Wn(NH3),2+l 

During all measurements Cz, was twice Cx. 
with K3 and Cz, = 2Cx gives [ZnXCa2-1: 

+ Wn2+l + [Zn(NH3)42+l (6) 

(7) 

(8) 

(9) 

Combination of equations (6) and (8) 

[ZnXCa2-l = a ( 1 + K31iH314) 
where a is the concentration of Zn(NH ) 3 42+ determined polarographically. 

Substituting equation (10) into equation (8) grves 

(10) 

[Zn2X2--1 = G - u ( 1 + K31:H314) (11) 
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Similarly, from equation (7), 

[Ca2+] = Cc, - a (12) 

Further substitution of relations (lo), (11) and (12) into equation (2) gives the expres- 
sion for K : 

C, being used instead of the concentration of free ammonia because the error is very 

NH,, M 

FIG. 3 -Dependence of the value of the equthbrium constant KI on the concentration of 
ammonia. 

small if the concentration of ammonia is relatively high (O-5-5.044) and the concentra- 
tion of zinc ions very small (lOaM). [See equation (9)]. 

The values of & calculated according to equation (13) are presented as a function 
of ammonia concentration in Fig. 3, which shows that the equilibrium constant Kr 
has an almost constant value for the concentration range of ammonia from 2 to 6M, 
the deviation from constancy probably being due to the fact that the equilibrium 
NH3+H++ NH,+ was ignored. The low stability of the mixed binuclear chelate 
ZnXCa2- is in good agreement with the interpretation of the titration curves. The 
quantitative treatment of the exchange equilibrium also confIrmed the validity of 
reaction (1). 

Kin&c study. Kinetic experiments on the system Zn-Ca-X-NH, were done 
with variation in the concentration of one component at a time. The non-chelated 
zinc ion concentration was measured polarographically as before. The results 
showed that the exchange reactron between calcium ions and Zn,X2- chelate was first- 
order with respect to both reactants. These findings agree with earlier studies of the 
exchange reactions of many EDTA chelates 6~13~14,27*28 The concentration of calcium 
ions was varied from 3-O x 1O4M to 1.0 x 10b2M at constant zinc concentration 
1-O x 103M. As the calcium concentration was increased, the kinetic dependence 
on it changed from first-order to zero-order and back again to first-order, zero-order 
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being found at the ratio Zn: Ca :X = 2 : 1: 1. At a very high concentration of calcium 
(more than corresponded to the ratio Zn: Ca = 1: 10) the kinetic dependence probably 
changed again from first-order to zero-order. The results are plotted in Fig. 4. 
Changes of reaction order are well-known in organic systems2B and have also been 
observed in the dissociation of nickel-ethylenediamine complexes30 and the substitu- 
tion reaction of copper ions with nickel-EDTA chelate.31 

In the reaction studied, the first change of the reaction order appears to be due 
only to the shift of the relative concentrations without any change in the nature of the 

I I 
0 z. 

4 8 I2 16 20 24 28 32 

hr 

FIG. 4.-Tiie dependence of the concentration of released Zna+ ions at mr~ous Zn Ca 
ratios and NHs concentrations 

I-Zn.Ca = 3:2, NH8 = 3*3M, 2-Zn Ca = 1 10, NHI, = 3*3M; 3-Zn*Ca = 
1:5, NH8 = 3*3&f; 4-Zn*Ca = l-5, NHs = 22M, 5-Zn:Ca = 1 5, NH, = 
l.lM; 6-Zn*Ca = 2 1, NH, = 3*3M; 7-Zn:Ca = l:l, NH8 = 3.3M; 8-. 
Zn:Ca = 1 1, NH, = 2*2M; 9-Zn:Ca = 1 2, NH, = 3 3iU; IO-Zn Ca E 1.2, 

NH, = l+lM; II-Zn.Ca = 1.1, NHs = l.lM, 

reactants. This means that the ratio Zn: Ca:X = 2.1: 1 represents the optimum 
conditions for the formation of the ZnXCa2- chelate. Under these conditions the 
reaction of Zn2X2- chelate urlth calcium ions can therefore be formulated by reaction 
(1). This formulation is valid only for small concentrations of calcium, not exceeding 
the ratio Zn: Ca = 2: 1. At a higher concentration of calcium the exchange reaction 
should be expressed as 

Zn2X2- + 2Ca2+ + 8NH, G Ca2X2- + 2Zn(NH3),2+ 

Zn(NH3),2+ + Ca2X2- + ZnXCa2- + 4NH, + Ca2+ 

At a high concentration of calcium the formation of the mixed binuclear chelate is 

practically completely inhibited and only the first of these reactions takes place. 
The concentration of ammonia influenced the exchange rate, the rate generally 

decreasing with increasing concentration of ammonia, but did not influence the nature 
of the exchange process. 
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Reaction of the ZnX4- chelate with calcium ions 

The reaction of the ZnX chelate with calcium ions was not examined in detail, 
but only sufficiently to obtain the necessary information for comparison with the 
reaction of the Zn,X chelate. The measurement was carried out under equilibrium 
conditions: the amount of released zinc ions was measured polarographically after 
the addition of each fraction of calcium salt. The concentration of zinc was measured 
at intervals of time until it reached a constant value. Figure 5 illustrates the different 
courses of the reactions of ZnX and Zn,X chelates. Even in the case of the ZnX 

I 

COT' mm& 

FIG. 5 -Displacement of Zn*+ ions from the Zn,X”- and ZnX4- chelates with cal- 
cmm dependence on the amount of added Ca ions. 

1. Zn,Xa- chelate m 2M NHs. 
2. ZnX*- chelate m 2M NHI. 

chelate the results did not suggest a simple exchange of one zinc ion by one calcium 
ion as observed for the reaction of the Zn-EDTA chelate with calcium. For interpre- 
tation, the formation of some mixed chelate should be taken into account, as in the 
case of the Zn,X chelate. The polarographic method however, did not yield all the 
data needed. 

Reactions of the Zn,X2- chelate with other cations 

To establish how the exchange reaction was influenced by the stability of the TTHA 
chelate of the metal used for displacement, some other cations not forming complexes 
with ammonia were examined. When calcium was replaced by a similar cation with a 
shghtly less stable TTHA chelate, e.g., magnesium or barium, the reaction mechanism 
was similar. With a metal which had a TTHA chelate with high stability relative to 
the calcium chelate) a completely different reaction mechanism was observed. A 
suitable metal was lanthanum,ls (log KLaX = 23.1, log KLspx = 26.9). With the 
experimental techniques described above, a relatively simple reaction was observed 
between lanthanum ions and the Zn,X chelate: 

Zn2X2- + 2La3f + 8NH, + La,X + 2Zn(NH,)42+ 

CONCLUSION 

The exchange reaction between calcium ions and the binuclear zinc-TTHA chelate 
in ammoniacal medium has a different mechanism from that for EDTA chelates. 
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The presence of ammonia is necessary for the release of zinc ions from the Zn,X 
chelate. The role of ammonia in the system may be formally compared to the dissocia- 
tion of EDTA chelates in acidic media, in the exchange reaction of these chelates. 
Here the dissociation is the first step of (in some cases) a very complicated reaction 
mechanism which results in a complete exchange of both metal ions involved. Before 
the second metal ion reacts with the EDTA chelate, the dissociation of this chelate 
may be practically complete31 in acidic solution. Most probably this is not the case 
when calcium ions react with binuclear Zn-TTHA chelate in ammoniacal solution. 
The tendency of ammonia to form stable complexes with zinc should be taken into 
account. The attack of calcium ions on the nitrogen-zinc bond in the Zn,X”- ion 
may occur only with simultaneous action by ammonia, which does not itself break 
the nitrogen-zinc bond, but most probably makes rt weaker. 

The experiments in which a metal other than calcium was used suggests that the 
formation of a mixed binuclear chelate takes place only when the Zn,X2- chelate 
reacts with a cation which forms a TTHA chelate much less stable than the Zn2X2- 
chelate. 

Contrary to the existence of a binuclear chelate observed in the study of the 
exchange reaction of EDTA chelates, 31 the mixed binuclear chelate of TTHA IS not 
an unstable reaction intermediate, but-under optimum conditions-a product of 
the exchange reaction. This can be explained in terms of steric factors; TTHA has 
10 donor groups which geometrical considerations show are available for 1, 2 or 
even 3 metal ions.1g,N*24 

Acknowledgements-The author expresses his gratitude to Drs. J. Koryta and F. Vydra for their 
support and helpful drscusstons, and to J. R. Geigy S. A. Basle, Switzerland, for kmd provision 
of the TTHA sample. 

Zusammenfassung-Der Mechanismus der Substttution des zwetker- 
nigen Zink-Triathylentetraminhexaessigsaure-(lTHA-)Chelats 
(Zn,Xe-) durch Calcnumonen wurde polarographtsch untersucht. Die 
M Gleichgewicht und unter nichtstationaren Bedmgungen erhaltenen 
Ergebmsse erlauben dte Formulierung des Reaktionsmechanismus als 

Zn,X2- + Caa+ + 4NH, + ZnXCaa- + Zn(NH&Z+, 

Zn,X2- + 2Caa+ + 8NH3 + CalXa- + 2Zn(NH&a+, 

Ca,Xz- + 2Zn(NH.&a+ + ZnXCa*- + Zn(NH,)al+ + 4NHs, 

je nach dem Zn:Ca-Verhaltms im untersuchten System Die unter- 
suchte Reaktton lauft mu in Gegenwart von Ammoniak ab. Wrrd 
Calcmm durch ein Metal1 mtt stabilerem TTHA-Chelat als Zn,X+ 
ersetzt, so bildet such kern gemtscht zwelkemiges Chelat. 

R&n&-Gn a Btudte le mecanisme de la reaction de substitution 
entre le chelate bmuclearre zmc-acide tnCthylenet&raminohexac&tque 
(TTHA) (ZnX*-) et les ions calcmm par la techmque polarographtque. 
Les resultats obtenus dans des condmons d’bquihbre et de cmettque 
permettent de formuler les mecamsmes des reacttons comme sun : 

Zn,X2- + Caa+ + 4NH, + ZnXCaa- + Zn(NHa)4Z+ 

ZnaX2- + 2Caa+ + SNH, + Ca*X*- + 2Zn(NH,),*+ 

Ca,X”- + 2Zn(NH&*+ + ZnXCae- + Zn(NH,),a+ + 4NH, 

selon le rapport Zn:Ca dans le systeme Btudre. La reactron etudiee 
ne se developpe qu’en presence d’ammomaque. Lorsque le calcmm 
est remplace par un metal qui a un chelate TTHA plus stable que 
ZnzX2-, le chelate bmucltaire mixte ne se forme pas 
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PHOTOMETRIC TITRATIONS-XII* 

A FULL-IMMERSION SPECTROPHOTOMETER 

H. FLASCHKA and R. SPEIGHTS 
School of Chemistry, Georgia Institute of Technology, Atlanta, Georgia, U.S.A. 

(Recerved 13 March 1968. Accepted 2 May 1968) 

Summary-A design for a photometric tltratlon apparatus is described 
which includes faclhtles for varlable path-length, zero suppression and 
scale expansion. The instrument may also be used as a simple 
spectrophotometer. 

THE qualitities desired for a versatile, rugged, highly stable photometric titrator have 
been dlscussed in a previous paper1 m which their partial realization in a semi- 
immersion phototitrator was shown. It was indicated that the design was a prototype 
for use while the full-immersion phototitrator was being developed. The work of 
designing and constructmg a full-Immersion phototitrator has been completed and is 
reported here. 

Several full-immersion instruments have been described in the literature. Agazzi 
and Bond2 reported a design in which two tubes are immersed in the solution. One 
tube contains the hght source near the immersed end. A beam from this source passes 
through the solution to the immersed end of the other tube which contains the photo- 
receptor. A filter can be positioned in the light-path to select the appropriate wave- 
length. The length of the hght-path is fixed, the hght probe is sizable, and thus 
titrations of small samples become difficult. 

The phototltrator by Fisher3 immerses two light-conducting glass rods in the solu- 
tion. Light leaves one rod, passes through a gap filled with the solution to be 
titrated, enters the other rod and 1s brought by it to the detector. The path-length 1s 
fixed, as m the preceding instrument, and some exclusion of external light is 
necessary. However, the use of an interference filter wedge, which allows continuous 
selection of the wavelength, 1s an improvement. 

The best of the instruments so far described seems to be the Spectrosyn Electronic 
Calorimeter.* The light probe m this instrument is of quite small diameter and 
contains a small bulb enclosed in a cylindrical stainless-steel housmg. This lamp 
housing and a second cylinder containing the photoreceptor are mounted on a steel rod. 
The light housing can be moved axially relative to the receptor compartment and 
thereby the path-length can be adjusted between 0 and 5 cm. The lamp is operated by 
a current pulsating at a frequency of 33.3 Hz. The signal due to the modulated light 
is isolated electronically from that due to the external light and rectified by a lock-in 
amplifier circuit. The resulting d.c. signal is displayed on a meter that reads in % 
transmittance. Thus external light need not be excluded. Monochromacy is achieved 
by small, specially mounted filters that are slipped onto the front plate of the detector 

* Part XI: Tulanta, 1965, 12, 913, 
1467 
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housmg. Contmuous wavelength variation is not possible. The mstrument is mams- 
operated and thus subject to mains voltage fluctuations. Isolation of the a c. com- 
ponent m the detector output, and rectification, requires moderately sophisticated 
electronic circuity. However, two mam requirements for an ideal phototitrator 
namely, variable path-length and independence of ambient light, are fulfilled m this 
design. An instrument of this type has been m use m the present authors’ laboratory 
for several years, and has performed extremely well as a phototitrator. The limited 
precision (1% transmittance according to the manufacturer) and influence of moderate 
mains voltage fluctuations are not serious m titrations in which enough readings are 
taken to provide an error-reducing averaging process. 

Recently Muto and co-workers5 reported on a “dippmg colonmeter.” The path- 
length is fixed, glass filters are used to achieve monochromacy and external light must 
be excluded. 

DESIGN AND CONSTRUCTION 

This work was drrected toward the mcorporatron of the followmg desrgn features: (1) varrable 
path length, (2) contmuous selectron of wave length, (3) independence of ambient hght, and 
(4) simphcity m electric crrcuitry. 

Pomt 3 presented no problem smce apphcatron of the prmcrple of geometric exclusron of external 
hght by use of a photodetector of extremely small sensrtrve area had already been demonstrated m 
prevtous designs ls8 The applicatron of such a detector automatrcally solves pomt 4, smce a qmte 
simple crrcmt consistmg of only a few batteries, resistors and switches can be employed. Pomt 2 
was solved by abandomng tilters and operatmg wrth a gratmg. The constructron of thus portron 
of the optical part of the tttrator was greatly facrhtated by employmg the colhmatmg system and the 
gratmg wrth its drive mechanism from a Bausch and Lomb Spectromc 20. Development of an uncom- 
plicated light probe that allows varratron of the path-length presented the greatest drfficultres m 
design and constructron. 

l-b CF OC 

II Displaced 
-and rotated 90” 1 

Ii I/ I P 

FIG. 1 .-Schematrc optrcal dragram. 
B, lens assembly; C, cam; CF, cam follower; D, detector; F, infrared filter; G, 
gratmg; L, focusmg lens; M, stage nurror; N and Q, mirrors; P, probe; S, excrter 

lamp, W, comb; X, shutter. 

The general lay-out of the instrument 1s shown m Fig. 1. The hght source, S, 1s a General Electric 
#209 automobde lamp. Lreht from the source IS collimated bv the lens assemblv. B. Thus unit was 
taken intact from a Bauschuand Lomb Spectromc 20, and consrsts of two len&s and a sht whrch 
serves as entrance sht for the monochromator. The collimated beam 1s reflected by a mirror, Q, 
down the probe assembly. P, which ends m a glass wmdow. A second-surface mirror, M, is posmoned 
m the sample solutron below the end of the tubular probe. The light, after leavmg the probe, 1s 
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reflected by M back mto the probe at an angle of 5 5”. When the probe assembly is submerged m 
a solution, the light beam returmng to the probe from M has traversed the solution with a path-length 
of essentially twice the distance between the surface of the end wmdow and the front surface of the 
mirror. 

After having crossed the sample gap and traversed the tube again the light beam strikes a diffrac- 
tion gratmg, G. This is a replica grating taken from a Bausch and Lomb Spectromc 20. It has been 
remounted to conform to the geometry of the optical path, but is driven by the cam, C, and cam- 
follower, CF, which accompany it m the Spectromc 20. It should be noted that Fig 1 has been 
drawn with the optical path broken and the grating and followmg optics displaced and rotated 90” 
from their orientation m the mstrument. The diffracted hght is directed by mirror N through an 
infrared filter, F, to the monochromator exit sht, E. Then the hght IS focused by lens L onto detector, 
D 

The detector 1s a Texas Instrument IN2175 symmetrically diffused sillcon photo-duo-diode, which 
is particularly suited for this apphcation because of its small size and limited angle of acceptance of 
incident light. The device is only 12 mm m length by 2 mm m diameter. The light-sensitive area is 
less than 1 mma. The extremely small angle of acceptance for incident hght is achieved by a lens 
which comprises the open end of the detector. The light-sensitive semiconductor chip is located at 
the focal pomt of this lens. Light off the optical axis misses the chip entirely. The spectral sensitivity 
of the device is adequate throughout most of the visible range but falls very rapidly at wavelengths 
below 420 mm. This fact, combmed with reduced energy output by the light source at the shorter 
wavelengths, severely curtails exploitation of the near-ultraviolet region. The detector has its maxi- 
mum sensitivity at about 1O-B m. The high sensitivity m this region makes necessary the infrared 
titer F, and this serves toehminate the effect of overlappmg spectra produced by the grating. Recently, 
a Texas Instrument LS-400 sillcon photo-duo-diode has been used which is physically similar to 
the IN2175, but has about ten times greater sensitivity ’ 

Two control devices are included m the optical path, a shutter, X, to completely block the hght 
beam, both as protection for the detector and as zero transmittance reference, and a comb, W, for 
hne adlustments of the intensity of the incident light. 

The titrator is completely contamed m an alummmm box, 20 x 20 x 45 cm, especially assembled 
for the purpose. The box 1s divided down the long dimension mto two compartments. One half 
contams the optical components, the other the electric circuitry All controls are grouped on or 
near the front panel for ease of operation. To facilitate repair and adlustment, the top, side and rear 
panels of the box are demountable and the front panel consists of two sections of which the right one 
is hmged. Connections to the galvanometer and exciter battery are made through pronged plugs 
mounted on the rear of the case. When m use, the instrument rests on a four-legged alummmm rack. 
This positions the titrator wrth the probe assembly several cm above the bench top, allowmg room 
for a beaker and stirrer. 

Figure 2 shows the arrangement of optical components m the box. The source, S, is mounted on 
a stage wluch 1s adjustable in all three dimensions. The source on the stage can also be axially rotated 
to achieve proper position of the lamp &unent. Screw drive 1s provided for these adjustments, and 
set-screws allow lockmg. The colhmatmg system, B, is permanently attached to the frame of the 
box as are the mounts for all other optical components. Controls for comb, W, and for shutter, X, 
are located on the side near the front of the box. The comb is driven by a worm gear, and the shutter 
is operated by a brass rod. Adlusting screws are provided for the optical alignment of mirrors Q 
and N as well as the stage for nurror, M. Alignment of detector, D, IS also possible. 

Detector, D, colhmatmg lens, L, exit slit, E, and infrared titer, F, are mounted as a unit in an 
alummmm block, DE. The details of this umt are shown m the mset of Fig. 2. The permanent 
ahgnment of this group of components facrhtates mstrument alignment. In addition, the massive 
alummium mount serves as a heat smk for the photoreceptor. 

The probe assembly used for photometric titrations (see Fig. 2) consists of a 15-mm o.d. glass 
tube closed with a glass wmdow at the lower end, and mounted m a 25-mm brass sleeve. The sleeve 
m turn fits snugly mto an alummmm block which 1s secured to the phototitrator frame. Also 
mounted m this block are four stamless-steel rods These extend parallel to the probe, and below It, 
to the comers of a 3-cm square stamless-steel plate on which 1s mounted the mirror, M. The size 
of the stage is ample to accommodate both the stage mirror (12 x 9 mm) and a small magnetic 
sturmg bar. The exposed portions of the stage and the support rods may be Teflon coated. The 
mounting of the support rods allows then exposed length to be adlusted and fixed by set-screws. 
Rough alignment of the optical path is achieved by adlustmg stage orientation. Precise alignment 
is accomphshed by using mirrors Q and N. 

Variation of the path-length is achieved by driving the sleeve and the attached dipping glass tube 
with a rack and pinion gear. The rack 1s secured to the sleeve and the pinion gear to the mount. A 
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FIG. 2.-Left portron: side view of the instrument wrth panel removed. 
Rtght portion. front vtew of mstrument with left half of front panel 

removed 
Inset : details of the detector assembly block. 

DE, detector assembly; K, wavelength knob; PL, path-length lock, 
other identrticatton as 111 Fig. 1. 

locking set-screw, PL, is provtded. The range of the probe drive ts about 5 cm, which allows con- 
tmuous path-length adlustment from 0 to 10 cm. Longer path-lengths are achieved by extending 
the stage legs. 

The wavelength 1s set with knob K which drives the cam and thereby rotates the grating. A 
wavelength scale viewed through a wmdow m the non-hmged portion of the front panel IS attached 
to the cam shaft. (Scale and front panel are not shown m Frg. 2.) 

The circuit employed (shown schemattcally m Fig. 3) is simtlar to those used m prevrous designsl.@J 
It wrll be noted that the circmt 1s bastcally a series arrangement of photodetector, detector power 
supply, and output devrce. The particular ctrcuit shown IS desrgned for use wrth a Rubtcon galvanom- 
eter. The model selected has a sensrtrvrty of about 0+X06 pA/mm over the 100-mm scale, an internal 
resistance of about 4.5 kn, and a critical damping resistance of about 85 klR. In order to ensure 
hnear response of the IN2175 the resrstances of all components m serves with the detector have been 
kept as low as possible. 

The battertes shown in the circuit are mercury cells. Two 12-V batteries are used as the mam 
source; 1.34-V cells are used m the control circurts. 

The zero-shift ctrcuit provides a sample method of adjusting the galvanometer to zero, thereby 
compensatmg for the dark current. Fine adjustment of tlus circuit mvolves changmg the resistance 
of the cell arctut; however, this change has a negligble effect on the damping behavrour and sensi- 
tivity of the galvanometer and the sensttrvity of the detector and the linearrty of Its response. Opera- 
tion with the scale expanded to the rrght (beyond 100% transmittance) 1s readrly made posstble by 
appropriate adjustment of the hght mtensity. The scale&B crrcuit provides the much needed 
additional capacity of expanding the scale to the left (below 0% transmtttance). The ctrcutt ytelds 
up to about 400 scale divrsions of shift without affecting the hnearity of response. The current dram 
m both ctrcmts (zero sluft and scale shaft) 1s extremely small. 

5oofi 

f / u75K 03W 

25K Scale shift Zero shift 

FIG. 3.Schemattc diagram of the detector and shaft crrcurts 
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The exctter lamp IS actuated by a step swttch which permtts selectton of erther 2,4, or 6 V opera- 
tion, and thereby coarse adjustment of the hght mtensity. Fme adjustment is achieved by usmg the 
comb, W. The step voltages are provtded by two 6-V lead storage battertes connected m parallel 
and tapped at mdividual cells. Two batteries are reqmred, since at 6 V the lamp runs at a current 
of about 1.25 A. 

Performance tests 
A tunmg procedure IS used to calibrate the gratmg. An Interference titer is placed m the optical 

path, the knob K 1s set at the wavelength of the titer, and the cam follower IS adjusted for maximum 
detector output. No resettmg of the cam follower was necessary when verrfymg the calibration at 
several additional wavelengths, thus mdicatmg proporttonahty between the lmear scale and the 
wavelength. 

The hnearity of response and the stab&y of the en&e Instrument were tested by the methods 
previously descr1bed.l Lmeartty up to an absorbance of about 0 8 was demonstrated. No short 
term fluctuations were noted, and long term drift dtd not exceed 0 2 scale divrsions/hr. Lmearity 
was also confirmed when the instrument was used wrth recorder output. 

The effecttveness of exclusion of ambrent hght was demonstrated by illuminatmg the probe 
assembly wrth a 100-W tungsten bulb. No devtations m mstrument reading could be detected. 

APPLICATION 

The utihty of the full-immernon design for a phototitrator has been demonstrated 
by routme use m the authors’ laboratory. The Instrument has satisfied the design 
criteria of simplicity, ease of operatron, versatrhty, ruggedness, stabihty, and low cost. 
Photometric titrations have been conducted both manually and automatically. For 
the latter purpose a Sargent Recorder and a constant flow burette were used. 

Although the original intention was to construct a phototitrator, the instrument 
described here can equally well be used as a photometer, which shows the advantages 
of freedom from restrrctrons on ambient light condrtions and cell configuratron. In 
fact the photometer functions with the ruggedness and simplicrty normally associated 
with a modern pH meter, and is used m much the same manner. The probe 1s tist 
immersed m a reference solutron for “calibration” of the scale, then after brief rinsmg, 
the probe is dipped m the test solution. Any beaker or other vessel large enough to 
accommodate the light probe can be used. 

Exactly reproducrble adjustment of a certain path-lengthisdifficultwiththevariable 
path-length probe, although not impossible rf a pair of calipers is used. However, 
for analytical purposes such an adjustment IS seldom required. Normally, a deter- 
mination is made within the rectihnear portion of the calibration curve, i.e., mtherange 
where Beer’s law is obeyed. Then, all that IS needed IS an approximate reproduction 
of the path-length and one calibrating measurement on a standard solution. Thus, 
the variable path-length probe can be used m photometrrc determination although 
with limrtation. However, rt is not drfficult to construct probe assemblies with tied 
and precrse light-paths. Several such designs have been built and tested. The followmg 
one proved to be most convenient. A glass tube is closed at its lower end by a glass 
plate. Sections of the tube extend below the window to support a mirror. The spacing 
between the mirror surface and the window IS set at exactly half thedesiredpath-length. 
The upper end of the tube IS mounted in a brass cylinder which is secured to the body 
of the Instrument by a bayonet fitting, thus allowing ready interchange of probes of 
different path-lengths. 

The full-immersion instrument, in a special application, gave a very simple solution 
to an aggravating problem. Time studies of reactions in deeply cooled solutions were 
needed in a particular investigation. To perform such photometric studies with a 
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common photometer is qmte difficult because special arrangements are necessary to 
avoid fogging of the cuvette containing the cold liqmd. Even with appropriate 
aspiration of dry air along the cuvette, difficulties exist because the relatively small 
amount of solutron in the cuvette possesses insufficient heat capacity to maintain the 
low temperature. With the light tube of the immersron photometer sealed also at its 
upper end (after filling with a dry gas) by glueing on a thin plate of glass, no fogging 
occurs. Maintaining the desired low temperature was no longer a problem because 
the vessel containing the test solution could simply be immersed in a coohng solution. 

It should finally be pointed out, however, that beyond a few tests and the applica- 
tion just described, the value of the instrument and its accuracy and precrsron as a 
spectrophotometer have not yet been fully assessed. 

Operation 

One special feature of this design 1s the capacity for scale expansion by zero suppression (that is, 
scale shaft to the left). Smce this feature can be employed m either of the two uses of the mstrument, 
the procedure of programmmg a 1OGdlvlsion shift will be described Rrst. 

Programmmg for zero suppresslon Select any wavelength, attach any probe assembly and set zero 
with the scale-shift circuit off. To set zero, close shutter X, activate the zero-shift circuit and operate 
its controls to bring the pointer exactly to the zero mark. Next set 100 % transmittance as follows. 
Open the shutter X, and select (by turmng the step switch) a lamp voltage that gives the mltllIllum 
light intensity for at least full-scale deflection. Then brmg the pointer exactly to the 100 mark by 
operating the comb, W. Now activate the scale-shaft clrcutt and operate its controls to brmg the 
pointer from the 100 mark back exactly to the zero mark. The instrument is now programmed. In 
any later operation (provided, of course, the respective controls remam untouched) if the scale shift 
circuit is activated, the pointer will be shifted 100 scale dtvlslons to the left. 

With the mstrument programmed as described the effective zero is at -100 scale divisions. The 
pointer may now be moved back to the 100 mark by operating the lamp step-switch or the comb or 
both. The range between zero and 100 % transmittance rs then 200 scale dtvisions, of which, however, 
only the upper half is displayed. If, durmg the later operation of the instrument, the pointer moves 
below the zero mark, deactivation of the scale-shift cucmt displays the lower half of the 200 scale 
d&ion range. 

Zero suppression for 200 and more scale divisions (up to a total of 400) is possible. However, 
suppression by 100 scale divisions was found sufficient for all present purposes of the instrument and 
no attempt was made to incorporate the necessarily more complicated cncmt for higher suppresstons. 

Photometer operation. First set the desired wavelength and path-length. The latter may be 
accomplished etther by attachmg the appropriate tied-path-length probe or by attaching the variable- 
probe assembly and adjustmg it to the requtred path-length. Set zero as described above. Set 100% 
transrmttance as described above but with the probe immersed in the reference solution. Remove 
the vessel contaming the reference solution, immerse the probe in the sample solution and read 
% transmittance. Zero suppression may be employed as needed. 

Tztrator operation. Two prmctple cases may be differentiated. A down-scale titration m which 
the pointer moves left (that is, to lower transmmance values) as the titration proceeds, and an up- 
scale titration m which the opposite takes place. 

(i) Down-scale tztratzons. Select the desired wavelength, set zero and attach the variable probe 
assembly with the appropriate path-length adjusted. Immerse the probe m the sample solution and 
bring the pointer to the lOO-mark by operatmg the lamp step-switch or the comb or both. Start adding 
tltrant and take readmgs after addition of each increment and plot the results. Selection of the 
optimum path-length may be difficult If not known from prior experience with a particular titration 
system. In such an event a test titratton with an ahquot of the sample solution may be performed. 
The probe is immersed, the pomter brought near the M-mark and excess of titrant is added. Thus, 
the range of pointer movement is readily established. If only a hrmted amount of sample solut:on 
is available, the titration may be performed with about half of the sample solution, the path-length 
adjusted accordmgly, and then the rest of the solution added and the titration finished. 

Increased sensitivity may be secured by utilizmg the zero suppression as described above. 
(10 Up-scale tztratzon. This type of titration is somewhat more ddlicult because it requires specific 

knowledge of the posttion of the pointer at or past the end-point. It is, of course, possible to operate 
m the followmg way. Set zero as usual and 100’~ transmittance with the solvent as the reference. 
Then the pointer will definitely stay on scale during the titratton but the capablhty of the instrument 
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to yield hrghest sensrtrvrty IS not utlhzed It IS better to adjust ihe 100-mark with an over-titrated 
solutron. When domg so, the lamp step-switch, comb and above all the variabrhty of the path-length 
should be employed in conjunctron, to achieve the optimum range of pointer movement. It should be 
noted that actually the adlustment 1s not made to the 100-mark but rather to 95 or even 90 scale 
drvrsrons m order to allow for the increase 111 transmittance due to ddutron effects durmg the trtratron. 
Alternatively, adlustment to the 100-mark may be made rf the pomter passes beyond that mark the 
scale shrft cncmt (correctly programmed for 100 scale drvrsrons) may be activated to bring the pointer 
back on scale. 
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Zusammenfassung-Eme Anordnung zur photometrrschen Trtratron 
wrrd beschrreben, die Emrrchtungen zur Veranderung der Schrchtdicke 
Nullpunktsunterdruckung und Skalendehnung einschhefit. Das Instru- 
ment kann such als emfaches Spektrophotometer verwendet werden 

Resume-On decrrt une etude pour un apparel1 de trtrage photo- 
metrrque qur comprend des facrhtes pour une longueur de marche 
variable. la suunression du zero et l’extensron de l’echelle. On ueut 
aussr utrhser &trument comme un spectrophotometre simple. L 
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SHORT COMMUNICATIONS 

Determination of ultramicro amounts of selenium by gas chromatography 

(Received 8 May 1968. Accepted 16 May 1968) 

O-P~~~MINE reacts quantitatrvely wrth selenous acid to form piaselenol, whtch can be 
extracted into toluene l 5-Chloropiaselenol is simtlarly formed and a toluene solutron of rt is very 
sensitive to electron-capture detection m gas chromatography. Ultramicro amounts of selemum, 
which are converted into 5-chloropiaselenol by 4chloro-oqhenylenediamine in acidrc solutron, can 
be extracted into 1 ml of toluene and determined with a gas chromatograph equipped wrth an electron- 
capture detector. 

Reagents 
EXPERIMENTAL 

4-Chloro-o-phenylenediamme hydrochlorrde was purtfied by a method previously descrrbed.p A 
~5% aqueous solutron was prepared just before use. A stock selenium solution (80 pg/ml) was 
prepared by dtssolving 56.2 mg of selemum dioxide m 500 ml of water. 
0.08 to 0.80 rg of selenium were prepared from it by dilution. 

Solutions containing from 

5-Chloropraselenol was prepared as described prevrously * Hydrochlorrc acid, toluene and other 
reagents were of analytical reagent grade. 

Apparatus 
A Shiiadxu Model GC-3AE gas chromatograph (Kyoto, Japan) equipped wrth an electron- 

capture detector was used. The glass column (2 m long, 4 mm bore) was packed wtth 15 % SE-30 on 
60-80 mesh Chromosorb W. 

i. 

- 

b 

5Chloroploselenol 

\ 

FIG. 1 .-Gas chromatogram of 5-chloroptaselenol extractedi (040 pg Se 
in 1 ml of toluene). Sensitivity lOa MS& Range O-2 V. 

1475 
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The column and detector temperature was mamtamed at 200°C. The nitrogen flow-rate was 50 
ml/mm A Shlmadzu Model 250A recorder was used and the chart speed was 10 mm/mm. 

Sensltrvrty of praselenol derwatrves to electron-capture detectron 
5-Chloro- and 4,Echchlorop~aselenol have a high sensitivity to electron-capture detection, the 

latter being three times more sensitive than the former. However, 4-chloro-o-phenylenerhamine was 
used to determine selenium, because 4,5-chchloro-o-phenylenechamme was not commeraally obtam- 
able. However, 5-chloropiaselenol has adequate sensitivity and its extractabdlty into toluene from 
acidic solution IS greater than that of piaselenol.4 

The gas chromatogram of 5-chloropiaselenol 1s shown m Fig. 1 

Cahbration curve 
Portions of selenous acid solution containing from 0 08 to 0 8 pg of selenium are put mto lOO-ml 

separatory funnels and chluted to about 40 ml with chstdled water; the pH 1s adJusted to between 0 
and 1 unth hydrochloric acid. Then 2 ml of 0.5 % 4-chloro-o-phenylenedlamlne solution are added to 
each and the solutions are allowed to stand for 2 hr. The 5-chloropiaselenol is extracted into 1 ml 
of toluene by shaking for 5 min. The layers are separated and 5 ~1 of the toluene extract are injected 
into the gas chromatograph and the recorded peak-height is measured The calibration curve 1s 
linear up to 0.80 pg of selemum. 

As the sensitivity of an electron-capture detector tends to vary during operation, a series of 
experiments should be carried out successively and an unknown content of selenium should be 
determmed along with standard samples which contain similar amounts of selemum. 

Department of Chemrstry 
Faculty of Science 

Okayama Umversrty 
Okayama-shl, Japan 

SUSUMU NAKASHJMA 
KYOJI T&I@ 

Summary-4-Chloro-o-phenyleneduunme reacts with selenous acid 
at pH O-l to form 5-chloropiaselenol, which 1s then extracted into 1 ml 
of toluene. The toluene layer is injected mto an electron-capture 
detector gas chromatograph. From the peak height selenium 1s 
determined, the rnmimum amount detectable bemg about 0 04 pg. 

Zusammenfassung4-Chlor-o-phenylendiamin reaglert nut seleniger 
%ure bei pH O-l zu 5-Chlorpiaselenol, das m 1 ml Toluol extraluert 
wud. Die Toluolschcht wlrd m einen Gaschromatographen rnit Elek- 
tronenemfangdetektor injlziert. Selen wird aus der Peakhohe bestlmmt, 
die klemste nachwelsbare Menge ist etwa 0,04/ug. 

R&urn&-La Cchloro o-ph6nyl6nechamine reaglt avec l’acide s616meux 
& pH O-l pour former le 5-chloroplasBlBno1, que l’on extrait dans 1 ml 
de tolukne La couche tolu&mque est mJect&e dans un chromatographe 
en phase vapeur avec detecteur il capteru d’blectron. De la hauteur 
du pit, on d&ermine le s&nium, la quantitd mmimale dCcelable &ant 
#environ 0,04 rug 
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Zusaunuenfassung-Verfahren zur Besttmmung von Cyamd (lo-*- 
10-s!@ und Sulfid (10-7-10-5M) werden beschrteben, die daruf 
beruhen, dal3 dtese Ionen dte Inhrbdton von Invertase durch Queck- 
stlber(II) oder Stlber aufheben. Jod (O,l-3 ,ug) la& sich durch seme 
Inhrbmonswtrkung auf Invertase besttmmen. 

R&urn&-On d&It des methodes pour le dosage du cyanure (lO-s- 
10-SM) et du sulfure (10-6-10-TM) basees sur l’mfluence desmhtbrtrtce 
de ces tons sur l’mvertase mhrb6e par le mercure(I1) ou par l’argent. 
L’lode (O,l-3 ,~g) peut etre determme par son inhrbttton de l’mvertase. 
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Spectrophotometric determination of tartrate in the presence of citrate 

(Recewed 4 Aprd 1968. Accepted 29 May 1968) 

RECENTLY a method was developed for the spectrophotometrtc determmatton of pg-amounts of 
urc-dthydroxy compounds1 based on rapid oxtdatron of the compound wtth pertodate, followed by 
spectrophotometrtc determmatron of the rodate as trt-iodide after reactron with iodide. The excess of 
pertodate 1s masked wrth molybdate at pH 3 * As this reaction had already been applied to the 
detection of 0 1 rug of tartrate,s tt was decided to apply the spectrophotometrlc procedure to the 
determmatton of traces of tartrate, especially m the presence of citrate 

There 1s a dearth of reliable methods for the determmatton of small amounts of tartrate, espectally 
in the presence of citrate,4 and there 1s also a remarkable lack of knowledge about the chemical 
reactions occurrmg m those procedures that are most widely used. The most wtdely used spectro- 
photometrtc method 1s based on the formatton of a red colour when a solutton of metavanadate IS 
actdlfied with acetic actd m the presence of tartrate enabling as little as 2Oyg of tartrate to be 
determined6 without interference from citrate. The colour IS, however, unstable m daylight, the 
intensity reaching a maxtmum after 10 mm,6 and then fading, so that measurements have to be made 
after a definite time mterval,5-7 or the colour must be allowed to develop m the dark, 111 which rt IS 
stable.8v8 The reactton of tartrate with Fenton’s reagent to gave a lavender colour has also been used 
as the basis of a spectrophotometrtc method for tartrate, lo but the reaction condmons must be 
accurately reproduced for successful determmattons. Addttton of rron(I1) to a tartrate solution, 
followed by dmitrophenylhydrazme and hydroxide, produces a purple colour, which has been used 
for the spectrophotometnc determmatton of 7-50 yg of tartrate,ll citrate, malate and cc-keto-acids 
mterfere- Condensatton wtth p-dtmethylammobe~zaldehyde has hkewtse been applied to the 
determmatton of 20-100 pg of tartrate,B and formation of the 2,4-duntrophenylhydrazone of glyoxyhc 
acid formed by reaction of tartrate and pertodate, to determmatton of 3-45 yg of tartrate.’ 

The most senstttve method reportedis mvolves the chromatographtc sepa?atton of tartrate (2- 
30 ,ug) on paper impregnated with nickel hydroxide. The nickel tartrate spot 1s revealed wrth dtthio- 
oxamtde and the tartrate 1s determined by cutting out the spot and wetghmg it. The reproductbihty 
is clatmed to be f 1 6 %. Larger amounts of tartrate have been determined polarimetrtcally14~16 and 
tttrtmetrtcally after reaction with pertodate16v17 or lead tetra-acetate I6 

Determinatron of tartrate 
Tartaric acid 1s oxidtzed by pertodate m two consecuttve reacttons which can be represented as: 

HOOC-CH-CH-COOH 
I I + IO&- -+ 2HOOC-CHO + IO,- (1) 

OH OH 

HOOC-CHO + IO,- + CO, + HCOOH + IO,- (2) 

Reaction (1) 1s much more rapid’* than reactton (2). For the most sensmve determmatton of 
tartrate, tt would be desirable for complete oxrdatron to carbon dioxide and formic acid to occur, so 
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that 3 moles of rodate are produced per mole of tartrate oxrdrzed. The procedure prevrously developed 
for aldohexosesr-by oxrdatron at 45-50” m the presence of a large excess of periodate-but omrttmg 
the use of sulphurrc acid, gives quantrtatrve oxrdatron of 30 pg of tartrate to carbon droxrde and 
formic acid wrthm an hour. No further oxrdation occurs at this temperature, although some, perhaps 
of the formic acid, may occur when the oxrdatron IS carried out at 70-80”. This procedure was 
apphed to the analysrs of pure solutrons of ammomum tartrate. The results are given m Table I. 

TABLE I.-DETERMINATION OF TARTFLUE (CONSUMING 3 MOLES OF IO,-) 

Taken, pg 50 7.5 100 150 200 22 5 30.0 
Found,* ,ug 52 78 100 152 20 3 23 4 30 2 
No of determmatrons 3 2 3 5 3 2 2 

* Mean 

Determmatron of tartrate m thepresence of citrate 

Under normal reaction condrtrons, citrate is not oxidized by perrodate, and only very large 
concentratrons of citrate mterfere m the quahtatrve test for tartrateS based on the same reactions as 
the spectrophotometnc procedure described above The determmatron of tartrate m the presence of 
moderately large amounts of citrate by thrs procedure seemed a possrbrhty, but under the reaction 
condrtrons required for complete oxrdatron of tartrate, mg-amounts of citrate reacted apprecrably 
and unceasmgly for at least 2 5 hr Table II compares the behavrour of various amounts of tartrate 

TABLE II --COMPARISON OF IODATE PRODUCTION BY TARTRATE AND CITRATE 

Absorbance after 
Reactron 

0 5 hr 1Ohr 15hr 20hr 2 5 hr condmons 

Tartrate (2 x 1O-BM) 0 46 0 48 046 at 50”, with 
Citrate (2 x 1O-4M) 0 30 045 1.90 1 4 x 10-4MIo; 
Tartrate (6 7 x 10-‘&f) 0.12 0 16 0 16 at 50”, with 
Citrate (lO-sM) 0 05 0.13 0 17 0 35 1 lo-4M 10; 
Citrate (8 x lo-*M, 38 mg) 0.07 0 08 0 09 0 IO at 0”, with 

4 x 10-6MIO; 

and crtrate m tins procedure The contmuance of the oxidatron beyond the time required for tartrate 
oxrdatron shows that the effect 1s not mainly due to tartrate rmpurrty m the citrate Indeed, a com- 
parison of the mmal rates of productron of rodate by tartrate and citrate mdrcates that the tartrate 
rmpurrty m the citrate must be srgmficantly less than 1% 

As the reaction condrtrons were too vrgorous, milder condrtrons were tried under which tartrate 
would be oxrdized only to glyoxyhc acid and crtrrc acid would not be oxrdrzed at all At 0” the 
reaction condrtrons prevrously used for manmtol and sorbrtoP gave complete oxrdatron of tartrate 
(160 ,Q to the aldehyde wtthm 30 mm with no measurable further oxrdatron for 15 mm, after 
which further oxldatron occurred very slowly, the absorbance mcreasmg by ca 6 % m the next 15 mm. 
Results for the analysis of pure solutrons of ammomum tartrate by this less sensmve procedure are 
given m Table III. The behavrour of citrate (38 mg) m this procedure IS included m Table II. Smaller 

TABLE III -DETERMINATION OF TARTRATE (CONSUMING 1 MOLE OF IO,-) 

Taken, pg 15 0 30.0 45 0 60 0 75.0 
Found, ,ug 16 1 31 2 45.4 60.2 74 3 

amounts gave smaller blank absorbance values, almost independent of quantity of crtrate, 1.9 mg, 
0 015, 95 pg, 0 002. 

Very large amounts of citrate Interfere m this procedure because the c&ate then complexes an 
apprecrable portion of the molybdate present, and thus demasks the excess of perrodate Experrments 
showed that demaskmg of a final solutron 2 x 10-BM m molybdate and 4 x 10-SM m perrodate 
becomes srgruficant when the solution is also > 1 2 x lO-aM m crtrate However, rt IS desirable that 
the crtrate should be < 1.2 x 10-SM if the blank absorbance IS to be <O 03. Crtrate absorbs shghtly 
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at 350 run, so the blank solutton must contam a similar amount of citrate to the unknown sample 
Results obtained for the determmatron of tartrate (15-60 @ m the presence of citrate (38 mg) are 
given m Table IV. 

TABLE IV.-DETERMINATION OF TARTRATE IN THE PRESENCE OF 
CITRATE (38 mg) 

Taken, pg 15 0 30 0 45 0 60 0 
Found, pg 160 32.1 47 2 60 0 

144 30 2 43 6 58 5 
162 30 2 45 2 59 7 

The maximum amount of tartrate present m the citrate sample used was established by measuring 
the difference m absorbance between blank solutions m whtch the citrate was added to masked and 
unmasked perrodate soluttons respectrvely. Only m the latter solution would oxtdation by perrodate 
occur, whereas other contrrbuttons to the blank absorbance (absorbance of molybdate, periodate, 
citrate, and that arrsmg from traces of rodate m the periodate) would be the same in both solutions. 
The mean absorbance gven by 38 mg of citrate m this way was O-03, which would correspond to a 
tartrate content of 3 pg. But this 1s likely to be too lugh because the slight oxidatron of citrate itself 
must contribute to this value. Thus the citrate used m this mvestigatton would be suitable as a 
source of tartrate-free citrate for mcorporatton m blank solutrons 

EXPERIMENTAL 

Absorbance measurements were made at 350 nm on a Beckman DB spectrophotometer, m l-cm 
cells. Analyttcal-grade ammomum tartrate and laboratory reagent trisodmm citrate were used 
Stock soiuttons were as previously described 1 

Determmatron of tartrate m the absence of &rate by oxzdatlon with 3 moIes ofperrodate 
Add to a 50-ml graduated flask an aqueous tartrate solution (0.3-2.5 ml, contammg 5540 rg of 

tartrate) Add lo-*M perrodate solutton (1 ml) and wash the stem of the flask with sutlicrent water to 
bring the volume to 25 or 5 0 ml. Heat on a water-bath at 45-W for 1 hr Cool, add molybdate 
solutton (10 ml), buffer solutron (5 ml) and iodide solution (10 ml) Allow to stand for 30 mm, and 
measure the absorbance us. a water blank taken through the whole procedure Obtam the concen- 
tration of todate formed from the cahbratton curve prepared by using ahquots of a standard rodate 
solutron.l The concentratton of tartrate 1s one-third of the iodate concentration 

Determmatron of tartrate m thepresence of cztrate 
Add to a 50-ml graduated flask, +6 mg of citrate containing tartrate as an impurity. Drssolve rt 

in 3 ml of water, add 10-SM periodate solutton (2 ml), and allow to stand m ice for 30-40 mm. Add 
molybdate solutton (10 ml), buffer solutton (1 ml) and iodrde solutton (5 ml). Allow to stand for 
30 mm, and measure the absorbance us a blank of the same quantity of tartrate-free citrate taken 
through the whole procedure The tartrate concentratron is the same as that of the rodate formed, as 
read from the cahbratton graph. 
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Sammary-Methods are described for the determination of 5-30 pg of 
tartrate alone and of 15-60 ,ug in the presence of up to 6 mg of citrate, 
based on oxidation by 3 moles or 1 mole of pertodate respectrvely 
The rodate formed is determmed spectrophotometrrcally at 350 nm as 
trr-iodide after reaction with iodide, the excess of periodate being 
masked with molybdate. 

Zusammenfassung-Methoden zur Bestunmung von 5-30 ,ug Tartrat 
allem und von 15-60 ,ug m Gegenwart von bis zu 6 mg Crtrat werden 
beschneben, die auf der Oxidation mrt 3 Mol bzw. 1 Mol Perlodat 
beruhen Das gebddete Jodat wrrd nach Reaktion mrt Jodrd spektro- 
photometrrsch be1 350 nm als Trrjodrd bestimmt, wobei der Perloda- 
tuberschub mrt Molybdat masktert wrrd. 
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R&r&-On d&It des methodes pour le dosage de 5-30 pg de 
tartrate seul et de 15-60 rg en la presence de citrate lusqu’a 6 mg, 
basees sur l’oxydatron par 3 moles ou 1 mole de perrodate respectrve- 
ment. On dose l’rodate forme spectrophotometrrquement a 350 nm a 
l’etat de trnodure apres rbctron avec l’rodure, l’exces de perrodate 
&ant drssrmule au moyen de molybdate. 
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Determination of metallic iron, iron(I1) oxide, and iron(II1) 
oxide in a mixture 

(Recewed 17 Aprd 1968. Accepted 27 May 1968) 

AVAILABLE literature records various methods for the determmatron of metalhc iron m presence of 
non(H) and rron(II1) oxrdes,ls* but grves less mformatron on a rapid, accurate, and dependable 
method for the determmatron of all the three together. Metallic iron has been determined uza re- 
duction of a copper(I1) salts or mercury(I1) chloride4 m aqueous medmm followed by permanganate 
titration. Copper sulphate has also been suggested for the determmatron of metalhc Iron, but errors 
arise from the formatton of soluble copper(I) salts 
catalyst m the copper sulphate method. 

Is6 Habashy” suggested the use of mercury as a 
According to Weiss,’ use of larger quantrtres of mercury(I1) 

chlorrde to dissolve iron would favour the formatron of calomel, but the latter tends to occlude some 
of the Iron, causing low results. 
samples coarser than 65-mesh 

Morrrs* pointed out that recoveries of non are mcomplete with 
Aubry and Perrote prefer alcohohc mercury(H) chloride solutron and 

determine non m the filtrate by first oxrdrzmg rt with persulphate and then titrating with trtamum(II1). 
WakamatsulO titrated the rron(II1) m the filtrate with standard EDTA solutron at 40” with Trron as 
mdrcator ; mercury(I1) did not interfere. When the oxtdes are also to be determined, the residue 
after the mercury(H) chloride reactron has to be treated first to remove mercury(I) chloride and/or 
mercury. Aubry and Perrote suggest the use of alcohohc rodme solutron for this purpose, whereas 
Stognii I1 heats the dried precipitate m a stream of chlorme at 200-22” for an hour. Other methods 
for the determmatron of metalhc non include oxrdatron with non(II1) 
iron m Ag(NH8)p(SCN)I,1S~1B 

,1p-14 displacement of silver by 
measurement of hydrogen evolved by reaction wrth an acrd,17s1* con- 

version mto uon(II) sulphrde by fusion with sulphur, followed by determination of the hydrogen 
sulphrde, I* reductron of lead chlorrde solutron,*O and reaction with bromine m ethanol a1 Except the 
last, these methods erther do not perrmt subsequent determmatron of iron oxides or are too lengthy 
and mvolved for precrse routme analysrs The bromine methoda’ depends on the selectrve drssolutron 



Short communicatrons 1483 

R&r&-On d&It des methodes pour le dosage de 5-30 pg de 
tartrate seul et de 15-60 rg en la presence de citrate lusqu’a 6 mg, 
basees sur l’oxydatron par 3 moles ou 1 mole de perrodate respectrve- 
ment. On dose l’rodate forme spectrophotometrrquement a 350 nm a 
l’etat de trnodure apres rbctron avec l’rodure, l’exces de perrodate 
&ant drssrmule au moyen de molybdate. 

REFERENCES 

1. G. Nrsh and A Townshend, TuZanta, 1968, 15,1377. 
2. D. Burnel, Compt. Rend., 1965, 261,1982 
3. G. Nrsh and A Townshend, Tafanta, 1968, 15,411 
4. F. D. Snell, and C T Snell, Colorrmetrrc Methods of Analysu, 3rd Ed., Vol. III, pp 382-5 Van 

Nostrand, New York, 1953, R. F. Mrtton and W. A. Waters, Eds , Methods of Quantrtatzve 
Macro-analysis, p 326. Arnold, London, 1949 

5 F P. Underhdl, F. I Peterman and A. G. Krause, J. Pharmacol., 1931,43, 351. 
6. K. Luthardt and R. Pohloudek-Fabmr, Pharm. ZentralhaBe, 1957,%, 453 
7 H. Rebelem, Deut. Lebensm Rundschau, 1961,57, 36 
8 J. R. Matchett, R. R. Legault, C. C. Nrmmo and G K Notter, Znd Eng. Chem., 1944, 36, 851. 
9 V. V. Andreev and E V. Panasyuk, Tr. Moldavsk Naudm. rssled Inst Pishchevol. Prom , 1964, 

No. 4, 62; Anal. Abstr., 1966, 13, 1330. 
10. A. K. Anderson, A. H Rouse and T. V Letonoff, Znd Eng Chem , Anal Ed , 1933,5, 19 
11. J. Yashphe, Anal. Biochem., 1965,13, 345. 
12. E. A. Adelberg, Anal. Chem., 1953,25, 1553. 
13 T. Tsvetana, Tr. Vyssh. Inst. Narod. Stopanst. Varna, 1961, 1, 187 Anal Abstr , 1962,9, 4754. 
14. F. Gorskr, Bull. Intern. Acad Polon. Scz., Classe Ser. Math Nat., 1937A, 239. 
15. W. J. Kirsten and S. K. N&son, Anal Chum Acta, 1962, 27, 345 
16. A. Berka and J. Zyka, Chem. Lzsty, 1958,52,930. 
17. E Schulek and L. Maros, Acta Chum Acad See Hung , 1959, 20,443. 
18. P. Fleury and G Bon-Bernatets, J Pharm Chrm , 1936, 23, 85. 

Talanta, 1968, Vol 15, pp 1483 to 1486 Permmon Press Prtnted tn Northern Ireland 

Determination of metallic iron, iron(I1) oxide, and iron(II1) 
oxide in a mixture 

(Recewed 17 Aprd 1968. Accepted 27 May 1968) 

AVAILABLE literature records various methods for the determmatron of metalhc iron m presence of 
non(H) and rron(II1) oxrdes,ls* but grves less mformatron on a rapid, accurate, and dependable 
method for the determmatron of all the three together. Metallic iron has been determined uza re- 
duction of a copper(I1) salts or mercury(I1) chloride4 m aqueous medmm followed by permanganate 
titration. Copper sulphate has also been suggested for the determmatron of metalhc Iron, but errors 
arise from the formatton of soluble copper(I) salts 
catalyst m the copper sulphate method. 

Is6 Habashy” suggested the use of mercury as a 
According to Weiss,’ use of larger quantrtres of mercury(I1) 

chlorrde to dissolve iron would favour the formatron of calomel, but the latter tends to occlude some 
of the Iron, causing low results. 
samples coarser than 65-mesh 

Morrrs* pointed out that recoveries of non are mcomplete with 
Aubry and Perrote prefer alcohohc mercury(H) chloride solutron and 

determine non m the filtrate by first oxrdrzmg rt with persulphate and then titrating with trtamum(II1). 
WakamatsulO titrated the rron(II1) m the filtrate with standard EDTA solutron at 40” with Trron as 
mdrcator ; mercury(I1) did not interfere. When the oxtdes are also to be determined, the residue 
after the mercury(H) chloride reactron has to be treated first to remove mercury(I) chloride and/or 
mercury. Aubry and Perrote suggest the use of alcohohc rodme solutron for this purpose, whereas 
Stognii I1 heats the dried precipitate m a stream of chlorme at 200-22” for an hour. Other methods 
for the determmatron of metalhc non include oxrdatron with non(II1) 
iron m Ag(NH8)p(SCN)I,1S~1B 

,1p-14 displacement of silver by 
measurement of hydrogen evolved by reaction wrth an acrd,17s1* con- 

version mto uon(II) sulphrde by fusion with sulphur, followed by determination of the hydrogen 
sulphrde, I* reductron of lead chlorrde solutron,*O and reaction with bromine m ethanol a1 Except the 
last, these methods erther do not perrmt subsequent determmatron of iron oxides or are too lengthy 
and mvolved for precrse routme analysrs The bromine methoda’ depends on the selectrve drssolutron 



1484 Short commumcattons 

of metallic iron. The oxide residue 1s analysed for iron(I1) and rron(II1) by the usual methods. The 
prmcrpal advantage of this approach is that the oxides are not contaminated by reaction products 
from the non dtssolutton. 

The present paper records a simple and reasonably accurate procedure for the determmatton of 
metallic iron and rron(I1) and (III) oxides 

EXPERIMENTAL 

Reagents 

Iron powder and magnetite were prepared from reagent-grade uon(II1) ammomum sulphate. 
Hydrous rron(II1) oxide was precipitated, washed, dried and ignited to rron(III) oxides, whrch was 
reduced to metallic iron with dry hydrogen or to magnetite with moist hydrogen. Details will be 
published elsewhere. Synthetrc nuxtures containing known amounts of metallic iron and rron(II) and 
(III) oxides were prepared from the pure iron powder and magnetite. 

All chemicals used were of analyttcal reagent quality. 

Apparatus 

The reaction vessel was a 500-ml glass-stoppered conical flask with a B24 lomt The stopper was 
made with an inlet and an outlet for carbon dioxide, and had a central caprllary tube ending m a 
porosity-3 smtered-glass disc; the capdlary was coaxial with the inlet tube and the smtered drsc was 
about 1 mm above the base of the flask. The capillary was connected to another 500-ml flask con- 
nected to a water pump through a trap. 

Procedure 

Transfer an accurately weighed sample (ca. 200 m@ mto the 500-m] reaction flask wrthout Its 
stopper. Add 100 ml of freshly prepared 2 % bromine solutron m ethanol and strr magnetically for 
60-90 mm to dissolve the metallic non. Put the stopper m place, connect the second flask and the 
trap, and start the filter pump. Wash the residue first wrth ethanol and then with water. Drsconnect 
the second flask which contains the filtrate and the washings. Add ammonium hydroxide to precrp- 
ltate the rron(II1) and then reprecrprtate It. Filter off the precrprtate, wash rt with 2% ammonium 
chloride solutton, dissolve rt m hydrochlorrc acrd(1 + I), add potassium iodide and titrate wrth O*lN 
sodmm thtosulphate 

Connect the flask containing the oxide resrdue to a carbon dioxide generator. Dissolve the oxides 
m hydrochlorrc acid m an inert atmosphere, heating rf necessary. Cool, adjust the acidity to 4-5N, 
and titrate the rron(I1) with 0 1N sodmm vanadate, using 10 drops of 0.2% N-phenylanthramhc 
acid mdtcator. Dilute the titrated solutron to brmg the acidity to 2N, and add a small quantity of 
sodium bicarbonate and an excess of potassium iodide. After 5 mm, titrate the liberated rodme wrth 
O*lN sodium throsulphate. The first tltratton gves the rron(I1) oxide, and the difference of the two 
tttrattons gives the uon(II1) oxide. 

RESULTS AND DISCUSSION 

Typical results are given m Table I. Prehmmary experrments showed that the bromme solution 
did not affect the iron(I1) and (III) oxides 

TABLEI-DETERMINATION OF Fe, FeO, AND Fe,O, IN A MIXTURE 

Fe, % FeO, % Fe2% % 

Calculated Found Calculated Found Calculated Found 

154 152 19 5 19 6 64 2 65 1 
194 19 6 18 6 18 9 61 1 61 7 
28 8 28 3 16 5 167 54 0 53 7 
29 1 28-6 164 170 53 7 52 8 
34 6 34 2 152 15.7 49.5 49 7 
43.6 43 5 132 130 42 6 41 6 
47 4 46.5 12 3 12 8 39 6 40 7 
57 0 57 3 10 1 98 324 32 5 
63 0 62 9 88 90 218 27 6 



Short cornmumcattons 1485 

Von Vogel*’ reduced rron(III) and titrated with permanganate (Ztmmermann-Remhardt proced- 
ure), but we found tt more convenient to use todometrrc tttratton, the mam advantage bemg avoidance 
of the reduction step. 

Generally, non(B) and (III) oxides are determined by drssolutron m hydrochlortc acid m a carbon 
dioxide atmosphere, followed by titration of tron(II), and determination of total oxide on a separate 
sample. In the procedure described here only one sample IS reqmred for the entree analysts If 
desired dtchromate can be used instead of vanadate as tttrant, but the ethanol must then be removed 
completely after the bromine reaction. Vanadate 1s preferred as the ethanol does not interfere. 
N-phenylanthramlc acid 1s used as mdtcator to avoid addition of phosphortc actd, whrch would 
interfere wtth the todometrrc titration. 

In the fnst expenments, the oxtdes of non after the bromine reactton were filtered off on a smtered- 
glass crucible, but tt was found dtfficult m the dtssolutton step, to remove all the oxides from the filter. 
In the apparatus described here, the residue remains m the ortgmal flask; this system was found 
extremely convenient even when an inert atmosphere was to be mamtamed. 

The results for metallic non are satisfactory but the errors m the determination of the oxides are 
rather higher than those normally expected m quantitative analysts. However, the results are constd- 
ered satisfactory m view of the nature of the mixture and the stmphcity and rapidity of the deter- 
mmatron. 

Acknowledgemen&--The authors are grateful to Mr G. S. Chowdhury, Director, for hts keen interest 
in the work. 
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T.P. PRASAD 

Summa~-A procedure IS descrtbed for the esttmatton of metallic 
non, ferrous oxtde, and ferrrc oxtde when present together. The 
sample IS treated with bromine dtssolved m ethanol, and filtered. 
Iron m the filtrate IS titrated todometrrcally, and corresponds to the 
metallic non present in the mtxture. The oxide residue 1s dissolved m 
hydrochlortc acid under a carbon droxrde atmosphere. The trot@) 
formed, equtvalent to Fe0 present, IS titrated wtth a standard vanadate 
solutron, and the total non(II1) (=FeO + Fe,O,) in the titrated 
solution 1s then estimated rodometrtcally. 

Zusammenfassnng-Em Verfahren zur Besttmmung von metalhschem 
Bsen, Enen( und Ersen(III)oxrd nebenemander wtrd beschrteben 
Die Probe wird mrt emer athanolischen Bromlosung behandelt und 
filtnert Das Ersen tm Frltrat wtrd lodometnsch trtrtert und ent- 
sprrcht dem vorhandenen metalhschen Eisen. Der Oxnlruckstand wrrd 
unter Kohlendtoxid m Salzsaure gelost. Das gebrldete Ersen(II), das 
dem vorhandenen Fe0 entspricht, wird mtt emgestellter Vanadatlosung 
tttnert und dann das gesamte Etsen(II1) (entsprechend Fe0 + Fe,O,) 
m der austitrierten Losung Jodometnsch besttmmt. 

R&&--On d&&t une technique pour l’esttmatton du fer mbtalhque, 
de l’oxyde ferreux et de l’oxyde ferrtque lorsqu’ils sont presents 
ensemble. On traite l’echanttllon au brome dtssous en ethanol et 
filtre. Le fer du filtrat est tit& iodometrtquement, et correspond au fer 
metalhque present dans le melange. On dissout le restdu d’oxydes en 
actde chlorhydrtque sous atmosphere de gaz carbomque. Le fer(I1) 
forrne, Bqutvalant au Fe0 present, est trtre par une solutron Btalon de 
vanadate et le fer(II1) total (Fe0 + Fe,O,) dans la solutton t&&e 
est alors esttme todometrrquement. 
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Separation of rhenium, tungsten and molybdenum by thin-layer chromatography 

(Recetved 6 May 1968, Accepted 27 May 1968) 

THERE 1s little information avadable on the separation of rhenium, tungsten and molybdenum 
by thin-layer chromatography (TLC), although alloys of these elements have become technologcally 
important.’ Rt values for rhenium, tungsten and molybdenum have been recorded for systems of 
reversed-phase TLC with TBP* and hqmd-anion exchangers ,8 both in hydrochlonc acid media, 
but no separattons of the three elements were accomphshed m these systems. 

The present communication reports the evaluatton of a number of solvent systems for resolutton 
of the three elements on glass plates coated with slhca gel. The best separation was obtamed with 
methanol-3M hydrochloric actd (7: 3) and methanol-l M ammomum mtrate3M ammonia (14: 5: 1). 

EXPERIMENTAL 

A commercial sihca gel(Wako-Gel, B-O) was slurned with 10 % starch solution (3-l ml per g 
of gel), and spread 250 pm thick on 25 x 100 mm* glass plates wtth an applicator. The plates were 
air-dried, activated for 30 mm at 110” m an oven and finally stored m a desiccator over silica gel. 

The thm layer was spotted 15 mm from one end with one or two dabs (2-4 ~1) of the test solutton 
from a glass capillary, and dried under a heat lamp The plate was placed m a glass tank, 120 mm 
htgh and 50 mm m diameter, and allowed to stand for 30 mm to eqmhbrate with the tank atmosphere. 
Ascending development was carried out with the solvent systems listed m Table I, at a constant 
temperature of 25” unttl the solvent front had risen 65 mm This usually took 30-50 mm. After 
development the plate was dried and the postttons of the elements were located by spraying first 
with freshly prepared 0 1-O 2% toluene-3+dtthtol solutton m 0*25M sodium hydroxide and sub- 
sequently with cone hydrochlonc acid. Rhemum(VII), tungsten(V1) and molybdenum(V1) showed 
as yellowish green, blue and green spots, respectively. Drying under a heat lamp enhanced the 
mtensrty. 

DISCUSSION 

In all the solvent systems examined the mobthtles were m the order Re > MO > W. The low 
R, values for tungsten(VI) may be explained as due to the formatton of msoluble hydrated tungstlc 
aad. Increasmg the methanol concentration above 70% v/v usually resulted m marked streakmg 
of molybdenum(V1). 

Except for the ace& acid, formic acid, and sodium acetate systems, the differences m Rf value 
were large enough to permit separation of the three elements. Increase of the acid concentration 
beyond CM m th; 7.3 methanol:hydrochloric actd system gave poorer resolution of rhenmm(VII) and 
molybdenum(VI) When a mixture of the three elements is chromatographed the Rt values are 
usually a little lower than those obtained mdlvldually. 
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R, values for tungsten(VI) may be explained as due to the formatton of msoluble hydrated tungstlc 
aad. Increasmg the methanol concentration above 70% v/v usually resulted m marked streakmg 
of molybdenum(V1). 

Except for the ace& acid, formic acid, and sodium acetate systems, the differences m Rf value 
were large enough to permit separation of the three elements. Increase of the acid concentration 
beyond CM m th; 7.3 methanol:hydrochloric actd system gave poorer resolution of rhenmm(VII) and 
molybdenum(VI) When a mixture of the three elements is chromatographed the Rt values are 
usually a little lower than those obtained mdlvldually. 
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TABLE I-R, VALUES OF Re(VII), Mo(V1) AND W(VI) IN VARIOUS SOLVENT SYSTEMS 

Solvent system 
(a/a) 

R, x 100 
Re MO W 

Methanol-l&f HN0,(7 3) 55 20 
MethanoL5M HNOi(7.3) 
Methanol-8M HNOs(7. 3) 

66 40 
81 49 
64* 42*t 

Methanol-8M HN0,(6: 4) .59* 32* 
Methanol-1OM HNOJ(7: 3) 85 48 

MethanoLlMHCl(7: 3) 
MethanoLlMHC1(6:4) 
MethanolJM HCl(7 * 3) 

Methanol?*SM H,S0,(8: 2) - _ , 

71* 

82 

64 

78* 

68 
86 

85 

68* 

23 

85 
76* 

52 

86 

42 

75 

62 
73 
55 
88 
80 
82 
75* 

45*t 

65 

31 

57*t 

27 
46 

62 

44* 

0 

57 
42*t 

0 

62 

0 

52 

12 
17t 

38 

285t 
58 
41* 

Methanol-3.5M HeS01(7 3) 
Methanol-3M HC10,(7: 3) 
Methanol-5.7M HBr(7 : 3) 

Methanol-8+6M HBr(7: 3) 
Methanol-17M CH,COOH(7.3) 
Methanol-5 8M CH,COOH(‘I* 3) 
Methanol-8 8M HCOOH(7 : 3) 
Methanol-O 2M NH,NOS(7: 3) 
Methanol-l M NH,N0,(7 : 3) 
Methanol-5M NH,N0,(7: 3) 
Methanol-l M CH,COONa(9.1) 
Methanol-l M CH,COONa(7: 3) 
Methanol-l M NH,NOr3M NH,(14: 5: 1) 

15 
46 
46 
2 3* 
15* 
23 
1*5* 
23 
31 
38 
3 8* 
85 
6 2+ 

10 
31 
- 
5 4’ 
15 
0 
0 
0 
0 
0 
0 
0 
62 

15 
6 9’ 

* Obtamed with mrxture of Re, MO, W. 
t Taihng. 

MolybdenumCVI) tails slightly when present m mixtures and chromatographed with certain 
solvent systems, probably on account of co-precipitatron wrth tungstic acid, followed by gradual 
release from the precrpitate through the movement of solvent, resulting m slower advance. 

Rhemum(VII) can be separated from molybdenum(V1) and tungsten(V1) m concentratron rattos 
of Re. MO from 100: 1 to 1~100 with methanol-5 8M acetic acid (7: 3), and Re: W from 5: 1 to 1: 100 
with methanol-1M ammomum mtrate-3M ammonia (14.5 1). Molybdenum(VI) and tungsten(V1) 
can be separated in ratros of MO : W from 5 : 1 to 1: 40 wrth methanol3M hydrochloric aad (7 * 3). 

A great advantage of methanohc acid or salt solutron systems is that the spots remam small and 
great sensitivity of detectron is obtamed with dithrol as spray reagent. The sensrtivmes attainable are 
2 ,ug for rhenmm(VII), 1 5 pg for tungsten(VI) and 0 1 rg for molybdenum(V1) 

Laboratory for Analytical Chemstry ROKURO KURODA 
Faculty of Engineermg KAZUAKI KAWABUCHJ 
University of Chzba TAKAO ITO 
Yayor-cho, Chtba, Japan 

Summary-Re(VII), W(VI) and Mo(V1) can be separated by thm- 
layer chromatography on silica gel. The best results are obtained with 
methanol-3M HCl (7.3) and methanol-1M NH,NO,-3M NH, 
(14 5 1). Dithiol IS used as detection reagent. 

Zusammenfassung-Re(VII), W(VI) und Mo(V1) konnen durch Dunn- 
scluchtchromatographie an Srhcagel getrennt werden. Die besten 
Ergebmsse erzielt man mit Methanol3M HCl (7.3) und Methanol- 
1 M NH,NOJ-3M NH, (14 * 5 1). 
verwendet. 

Dithrol wnd als Nachwersreagens 
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R&urn&--On peut s&parer Re(VII), W(V1) et Mo(VI) par chromato- 
graphre en couche mmce sur gel de srhce. Les merlleurs resultats sont 
obtenus avec methanol-HCI 3M (7 3) et methanol-NH,NO, 1 M-NH, 
3M (14 5 1) On utrhse le drthrol comme agent de detectron 
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Critical evaluation of spiking of low-grade ore samples in activation 
analysis for gold and uranium 

(Received 30 January 1968. Accepted 15 April 1968) 

DISAGREEMENT often exists m chemrcal assay values for both gold and uramum m low-grade ore 
samples analysed m different laboratorres Iv2 Apart from gold that might be fully retained by carbon5 
the normal hre assay can extract about 97% of the gold, even m mrcrogram quantrtres.4 A need 
exists to find an alternative analytical method 

It has been shown5 that methanol mrxmg of 30 g of 200-mesh ore powder yields satrsfactorrly 
homogeneous ore samples Non-destructrve neutron-actrvatron analysis of gold m ore samples 
could be done for concentratrons up to 20 ppm of gold m 1 5-g portions. In prmcrple, actrvatron 
analysis of low-grade samples spoked with gold and uramum should thus be possible rf good mixing 
can be obtained over the concentratron range previously mvestrgated. 

EXPERIMENTAL 
Gold splkmg 

A standard solutron contammg 0 06398 mg of gold per ml was prepared. Three 25-g amounts of 
a West Rand Consolidated Mines composrte residue sample (70% of 200-mesh, 0 118 dwt Au/ton, 
0 0034% U,O,) were placed m separate agate mortars and 391.7, 780 8 and 1563.0 mg of the standard 
gold solutron were added. These spoked samples were dried under infrared lamps, after which 
methanol was added and the mrxmg procedure carried out for at least 30 rn1n.r 

Uramum spzkmg 

A standard solutron contammg 9-51 mg of uranium per ml was prepared. Four 25-g amounts of 
a South Roodepoort composrte ore sample (70% of 200-mesh; 6.83 dwt Au/ton, 0 0023 ‘A U,O,) 
were placed m separate agate mortars, and 1 501,2 998,6007 and 11 912 mg of uraruum were added 
by means of the standard solutron. These samples were then dried and mixed as described above. 

Irradiatron procedure 

Four 1 5-g portions of each spiked gold mixture were placed m quartz tubes (5.5 x 0 8 cm 
diameter, 0 1 cm wall thickness) B Three reference samples were prepared whrch contained about 
7 mg of gold (dried sample of a solutron containing 6 397 mg of gold per ml) Owmg to shortage of 
material, only three blank ore-samples were weighed out 

Each capsule, for rrradratron of the gold samples m the hydraulic rabbit of the SAFARI 1 reactor 
(63 MW) at Pelmdaba, contamed the four quartz tubes nearly 6lled with a spoked gold sample, one 
tube which contained an unsprked sample (m three cases only) and a tube containing a gold reference 
sample 

Srmrlarly, for the uramum determmatron, each capsule contamed four 1-5-g portions of a spiked 
sample, and a uramum reference sample. Only two unsprked samples were avadable. 

Each capsule was Irradiated for 10 mm m a thermal neutron flux of 6.3 x lo*” n.cm-* set-* 

Countrng analysis 
The gamma-photopeak analysis was done on a 5-cm* co-axial Ge(Lr)-diode and assocrated 

electromc equipment (TCl30 Tennelec Preamphfier, TC200 Tennelec Amplifier, RIDL Bras Ampldier, 
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were placed m separate agate mortars, and 1 501,2 998,6007 and 11 912 mg of uraruum were added 
by means of the standard solutron. These samples were then dried and mixed as described above. 
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diameter, 0 1 cm wall thickness) B Three reference samples were prepared whrch contained about 
7 mg of gold (dried sample of a solutron containing 6 397 mg of gold per ml) Owmg to shortage of 
material, only three blank ore-samples were weighed out 
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Intertechmque 400-channel Analyzer) A “coolmg” time of 4 days was allowed before the 412-keV 
gamma-peak present m the decay of gold-198 was analysed for all the trradtated gold analysts samples. 
For an unsptked sample, about 3000 counts m the peak were accumulated m 20 mm. For the spoked 
and reference samples, the number of counts n-r the peak was well above 10000 

For uranium, a longer “coohng” time was allowed, as the activated manganese (6BMn) m these 
samples caused too high a Compton background 5 After 7 days the 277-keV peak from decay of 
neptunutm-239, the first daughter product of uramum-239, was analysed. The number of counts 
accumulated m the peak for an unsptked sample was about 7000 m 15 mm, whereas for spiked 
and reference samples, the total counts ranged from 20000 to 100080. The peak-analysts method 
has been described elsewhere 5 

DISCUSSION 

The total peak counting rates were corrected for differences m sample weights. Correcttons for 
differences m relative productton times and decay times were applied. 

The corrected countmg results obtained for gold and uramum spiked samples are given m 
Tables I and II The sptkmg of thts very low grade material 1s lacking m umfornuty, as the expen- 

TABLE I -RESULTS OF THE ANALYSIS OF SPIKED GOLD ORE SAMPLES 

Sample 
Sample weight, Au added Corrected count, 

g PP” CPmlg Mean, cpmlg 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

1 0071 

1.1908 1 

189 f 14* 
1 1455 Ntl 149 f 8 174 f 217 

183 _I 8 I 

1 3745 

12154 1 836 & 

1 001 
823 f 15 

1 307 807 f 

16 1 

15 808 f 30 

1 3224 766 + 10 
1 1351 1464 f 13 
1 2438 

1 998 
1317 f 11 

1 2637 1431 i 10 1394 f 66 

1 1563 1365 + 11 

4000 2749 f 195 

* The error quoted IS the standard devtatton due to counting stattsttcs (a,&. 
t The error quoted IS the expertmental standard devtatton of the count-rate values (ceXp) 

mental standard devtatton (u,& of the count-rate values (column 5 m Tables I and II) 1s larger than 
the standard devtatton due to counting stattsttcs (0 cB, column 4 m Tables I and II) 
least-squares fit FORTRAN IV program, FITIT, 

In usmg a linear 
‘,* for the IBM-360, the values for u,,r were used 

to obtam wetghtmg of each mean count-rate (wetght = l/up 
added gold or uranmm concentrattons 

exp) m the fitting procedure agamst the 
The results are given m section (z) of Tables III and IV 

The apphcatton of the FITIT program to all the count-rates obtamed is also reported [Tables III 
and IV, sectton( In this approach the error dueto thecountmg statistics, mcludmgthe back-ground, 
was used to calculate the wetghtmg for each point (wetght = l/a,,*). This alternative approach 
to the fitting of results introduced larger wetghtmg of the results for the less uniformly spiked samples 
and also introduced larger errors It 1s thus a less sattsfactory approach although agreement wtthm 
the errors 1s obtained, for gold and uranmm, with the first approach. If better umformtty of sptkmg 
can be obtamed It 1s expected that the extrapolated u&al concentratton obtained should be the 
same wtth both approaches. 

For gold and uranmm, the extrapolated concentrattons obtained m our sptkmg and actrvatton 
procedure are somewhat larger than the chemical assay values (see Table III and IV), although the 
errors quoted for the chemtcal values mtght be twice as large,.as they depend very much on the analyst. 
In our sptkmg method better accuracy can be obtamed by (r) mcreasmg the methanol mtxmg pertod, 
(II) takmg special precauttons in taking porttons of the spiked samples for trradtatton, (w) takmg 
caution m obtammg reproductble counting geometry (m our procedure the quartz tube wtth the 
sample was placed directly underneath the Ge-Lt detector, as thts had prevtously gtven sattsfactory 
results6) 

12 
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TABLEII-RESULTS OF THE ANALYSIS OF SPIKED URANIUM ORE SAMPLES 

Sample 
Sample weight, 

‘!? 

U added 

PPm 
Corrected count, 

CP% Mean, cpmlg 

1 1.3200 
2 1 2557 I Nil 

322 f 12* 
346 f 15 1 334 Zt 17p 

3 1086 f 17 ’ 
4 

600 
1213 f 16 

5 1113 f 17 1141 f 55 

6 1152 f 16 
7 1 1475. 
8 l-3467 
9 

1 1140 1 
l-1975 

10 

:: 
13 l-3894 
14 1 1.2948 2761 I 1-3421 
15 l-2886 
16 1.3131 
17 l-3702 
18 1.3252 

*t Errors as m Table 1. 

2070 f 21i 

1199 1931 f 1917 f 19 19 I 2038 f 147 

2231 f 15 
3329 f 221 

2403 3572 I 22 3431 f 23 I 3457 * 103 

476 5 

3496 zI= 22 1 
7451 f 33 
6924 f 31 
6548 f 27 
7186 f 32 

7027 f 385 

TABLEHI.-DATA FROM PROGRAM FITIT USED FOR FITTING OF cxxm RATES WADDED GOLD 
CONCENTRATIONS 

(i) Fzttzng of mean count-rate values 

y at no gold addrtron (x = 0) 
Slope of strazght hne 
Calculated gold concentratzon m mttzal sample 

(iz) Fzttzng of all the count-rates obtazned 

y at no gold addition (x = 0) 
Slope of straight hne 
Calculated gold concentration m mztial sample 

1744 f. 9 0* cpm 
6264 f 11-O cpm per ppm Au 
O-27, k 0 Ols ppm Au 

161 1 f 26 5 cpm 
629.5 f 15 3 cpm per ppm Au 
0~25~ f 0 048 ppm Au 

Chemical assay value of mztial sample 0 202 i 0 020 ppm Au. 
* All errors quoted are standard devzatzons. 

TABLEIV-DATA FROM PROGRAM FITIT USED FOR FITTING OF COUNT RATES VERSUS ADDED URANIUM 

CONCENTRATIONS 

(z) Fzttzng of mean count-rate values 

y at no uramum addztion (x = 0) 334 f 13 cpm 
Slope of straight line 13.33 f 0 28 cpm per ppm U 
Calculated contents of uranium m orgmal sample 251fllppmU 

(zz) Fzttzg of all the count-rates obtazned 

y at no uramum addztron (x = 0) 327 f 74 cpm 
Slope of straight Ime 13 67 f 0.36 cpm per ppm U 
Calculated contents of uranmm m orzgmal sample 24Of52ppmU 

Chemical assay value of mztzal sample 19 5 f 2 0 ppm U. 
* Errors quoted are standard devlatrons. 
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LOSS of added gold or uramum by possrble preferenttal adhesion to the sides of the mortar can be 
drscounted 

CONCLUSION 

For both elements, gold and uramum, the sprkmg plus neutron-actrvatron procedure grves larger 
values for very low grade ores than those obtamed by chemrcal assay The errors involved do not 
make possrble any clear decrsron on thus discrepancy but with further development of the technique 
thus method of sprkmg and non-destructrve analysrs holds promise of apphcatton m the analysrs 
of numerous types of low grade ore samples, as at present bemg done m this laboratory. 

Atomzc Energy Board P. W. DE LANGE@ 
Pehndaba, Pretorza, S Afrzca w. J. DE WET 

J. H. VENTER 

Summary-In applymg non-destructive neutron-actrvation analysis 
for gold and uramum m spiked low-grade ore samples, the followmg 
extrapolated unsprked concentratrons were measured: 0~27~ & 0 01 6 
ppm gold (chemical assay. 0 20, & O-02, ppm gold); 25.1 f 1.1 
ppm uramum (chemical assay value 195 f 20ppm uranium). 
Different approaches to the fittmg of results, and the mfiuence of spiking 
non-umformrty, are discussed 

Zusanunenfassung-Bei der zerstorungsfreren Neutronenaktrvierungs- 
analyse auf Gold und Uran m gesprckten armen Erzproben wurden 
folgende extrapoherte tmgespickte Konzentratronen gemessen: 0,278 f 
O,Ol, ppm Gold (chemrsche Analyse: 0,201 f 0,02, ppm Gold), 
25,l f I,1 ppm Uran (chemrsche Analyse: 19,5 f 2,0 ppm Uran) 
Verschredene Wege zur Anpassung der Ergebmsse sowre der Emflut3 
der mcht glerchmaBrgen Spickung werden drskutrert 

Resume-En apphquant l’analyse par actrvatron de neutrons non 
destructrve a l’or et a l’uramum dans des echantdlons de minerals 
aprcrformes a farble teneur, on a mesurt les concentratrons extrapolQs 
non apicrformes smvantes 0,278 f 0,015 p.p m. d’or (essar chlmrque. 
0,208 & 0,05p.pm. d’or), 25,l i 1,l p.p.m. d’uramum (valeur de 
l’essat chrmique 19,5 i 2,Op.p m. d’uramum) On drscute de 
drfferents acc& vers l’yustage des r&hats et de la non-uniformrtt 
de repartrtron des argmlles 
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LETTERS TO THE EDITOR 

Ceramic crucibles for thermogravimetric analysis 

SIR, 

Results of thermoanalysls are known to be influenced by experlmental condltlons, t.e , by the 
rate of heatmg, the weight of the sample, the gram size, the degree of compactmg, the gas atmosphere, 
etc. In DTA mvestlgattons m which the sample 1s placed in a sample holder instead of a boring, 
the shape, the wall thickness and the heat conductivity of the crucible holdmg the sample also mfluence 
the results However, the literature on thermoanalysls, and particularly on thermogravlmetry, 
contams relatively little mformatlon on the role of the material of the sample holder, and on Its 
effect on thermal processes. 

Generally, platinum crucibles are used m thermoanalytlcal mvestlgatlons However, platinum 
has, besides Its known advantageous properties, certain disadvantages (It forms alloys with many 
substances and molten metals, Its cleaning poses problems with glazing or vltrlfymg substances) 

For thermogravlmetrlc analysn, various sample holders made of ceramics or quartz have been 
used These sample holders have not found general apphcation, because the walls of the crucibles 
were thick, and m most cases not uniform, which may cause errors m thermogravlmetnc measure- 
ments, particularly m complex thermoanalytlcal mvestlgatlons, where two different thermal decom- 
posltlon curves, e g , the TG and the DTA curves are recorded simultaneously with the denvatograph. 

McjNH,PP, 6H,L; 

FIG 1 
1493 
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In our investlgatlons, urnform, heat-reslstant ceramic crucibles with thm walls (0 5 mm) were 
required We succeeded m preparing such crucibles from smtered metal oxide ceramics The process 
has been developed to permit routme manufacture of the crucibles. 

The comparison of these ceramic crucibles with platmum crucibles showed that the results of 
thermal analysis may be influenced by platinum crucibles In the derrvatographlc mvestlgatlon of 
some components of nephrohths,’ e g., m that of magnesium ammomum phosphate, an exothernuc 
process was observed at about 300”, which could not be evaluated quantitatively on the basis of the 
protracted TG curve This phenomenon was met only when a platinum sample holder was used and 
the derlvatogram was recorded m air, without suction (Fig 1, Curve a) This effect was absent when 
a ceramic crucible was used, or m experiments under an argon atmosphere, or when suction was 
applied (Curve b) 

It 1s assumed that this phenomenon was caused by the oxldatlon of ammonia liberated during the 
decomposition In the air atmosphere of the oven, any ammonia liberated remains m the vicinity 
of the crucible, and, owmg to the large surface of the platinum crucible, may be oxidized at about 
300” This process 1s indicated on the DTA curve as an exothermlc effect. It has been shown that 
this catalytic oxldatlon 1s influenced by the pretreatment of the platinum surface and by the area of 
the active platinum surface (ratio of the wall-area of the crucible to the weight of sample) Catalytic 
oxldatron at this relatively low temperature of about 300” could also be found with other compounds 
which splrt off ammoma a 

This phenomenon seems of importance, since platinum crucibles are often used in thermal 
analysrs Catalytic oxldatlon on the walls of the platmum crucible can cause disturbances m the 
shape of the thermal curves, and dlfficultles m then evaluation 

Instmte for Applred Chemrstry 
Techmcal Unrvers~ty, Budapest XI 

Research Institute for Electrrcity 
Budapest 
22 Apni 1968 

G. LIPTAY 

E. %hICdNY 
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SIR, 

Nomenclature of organic reagents of the arsenazo III group 

In recent years many workers have appeared on the analytical applications of arsenazo III and 
Its analogues-2,7-blsazo-derlvatlves of chromotropIc acid-of which there are more than 100.1-6 
It therefore seems to me that the time has come to agree on the nomenclature of this series, especially 
smce different names have already been given to the same compounds. For example, 2,7-bls(2- 
sulphophenylazo)-l,8-dlhydroxy-naphthaIene3,6-disulphonlc acid 1s vanously called orthamhc 
S,lps and sulphonazo III.* 2,7-Bis(2-sulpho-4-nltrophenylazo)-1,8-dlhydroxy-naphthalene3,6- 
dlsulphomc acid 1s called nltrazo,5 mtro-orthamlrc S and dmltrosulphonazo III. 

In nammg a reagent it 1s probably expedient to link the name with the constitution and the 
nature of the functional groups and substltuents, but not with the character of its colour reactlons 
or analytical apphcatlons, since m the first place the reagent usually interacts with several elements, 
and secondly it 1s always possible to expect to obtain more valuable reagents for gven elements 
The earlier names proposed for reagents, such as thoron, calclochrome, beryllon, palladiazo etc , 
resuit m confusion when there IS a choice of reagents for the element m question, especially when a 
study of the type of reagent IS not being made It may be that exceptions can be made for specially 
selective reagents, but only for a few. 

For a gven series of reagents synthesized from a smgle basic azo compound (e g., chromotroplc 
acids) It 1s expedient that the name of the reagents should be characteristic of the nature of the dlazo 
derivatives or of the salt-formmg substltuents ortho to the azo group, which are usually involved m 
the analytical functional groupings. Thus, taking tradition mto account, the “arsenazo” reagents 
should contam at least one a-arson-o’-hydroxyazo group, the “orthamhc” senes (based on orthamhc 
acid) should have at least one o-sulpho-o’-hydroxyazo group, and so on. A suffix may be added that 
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In our investlgatlons, urnform, heat-reslstant ceramic crucibles with thm walls (0 5 mm) were 
required We succeeded m preparing such crucibles from smtered metal oxide ceramics The process 
has been developed to permit routme manufacture of the crucibles. 

The comparison of these ceramic crucibles with platmum crucibles showed that the results of 
thermal analysis may be influenced by platinum crucibles In the derrvatographlc mvestlgatlon of 
some components of nephrohths,’ e g., m that of magnesium ammomum phosphate, an exothernuc 
process was observed at about 300”, which could not be evaluated quantitatively on the basis of the 
protracted TG curve This phenomenon was met only when a platinum sample holder was used and 
the derlvatogram was recorded m air, without suction (Fig 1, Curve a) This effect was absent when 
a ceramic crucible was used, or m experiments under an argon atmosphere, or when suction was 
applied (Curve b) 

It 1s assumed that this phenomenon was caused by the oxldatlon of ammonia liberated during the 
decomposition In the air atmosphere of the oven, any ammonia liberated remains m the vicinity 
of the crucible, and, owmg to the large surface of the platinum crucible, may be oxidized at about 
300” This process 1s indicated on the DTA curve as an exothermlc effect. It has been shown that 
this catalytic oxldatlon 1s influenced by the pretreatment of the platinum surface and by the area of 
the active platinum surface (ratio of the wall-area of the crucible to the weight of sample) Catalytic 
oxldatron at this relatively low temperature of about 300” could also be found with other compounds 
which splrt off ammoma a 

This phenomenon seems of importance, since platinum crucibles are often used in thermal 
analysrs Catalytic oxldatlon on the walls of the platmum crucible can cause disturbances m the 
shape of the thermal curves, and dlfficultles m then evaluation 

Instmte for Applred Chemrstry 
Techmcal Unrvers~ty, Budapest XI 
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Budapest 
22 Apni 1968 
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SIR, 

Nomenclature of organic reagents of the arsenazo III group 

In recent years many workers have appeared on the analytical applications of arsenazo III and 
Its analogues-2,7-blsazo-derlvatlves of chromotropIc acid-of which there are more than 100.1-6 
It therefore seems to me that the time has come to agree on the nomenclature of this series, especially 
smce different names have already been given to the same compounds. For example, 2,7-bls(2- 
sulphophenylazo)-l,8-dlhydroxy-naphthaIene3,6-disulphonlc acid 1s vanously called orthamhc 
S,lps and sulphonazo III.* 2,7-Bis(2-sulpho-4-nltrophenylazo)-1,8-dlhydroxy-naphthalene3,6- 
dlsulphomc acid 1s called nltrazo,5 mtro-orthamlrc S and dmltrosulphonazo III. 

In nammg a reagent it 1s probably expedient to link the name with the constitution and the 
nature of the functional groups and substltuents, but not with the character of its colour reactlons 
or analytical apphcatlons, since m the first place the reagent usually interacts with several elements, 
and secondly it 1s always possible to expect to obtain more valuable reagents for gven elements 
The earlier names proposed for reagents, such as thoron, calclochrome, beryllon, palladiazo etc , 
resuit m confusion when there IS a choice of reagents for the element m question, especially when a 
study of the type of reagent IS not being made It may be that exceptions can be made for specially 
selective reagents, but only for a few. 

For a gven series of reagents synthesized from a smgle basic azo compound (e g., chromotroplc 
acids) It 1s expedient that the name of the reagents should be characteristic of the nature of the dlazo 
derivatives or of the salt-formmg substltuents ortho to the azo group, which are usually involved m 
the analytical functional groupings. Thus, taking tradition mto account, the “arsenazo” reagents 
should contam at least one a-arson-o’-hydroxyazo group, the “orthamhc” senes (based on orthamhc 
acid) should have at least one o-sulpho-o’-hydroxyazo group, and so on. A suffix may be added that 
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IS charactenstlc of the secondary dlazo components S = symmetrical;; A = arson0 group with 
secondary dlazo components ortho to the azo group, K = carboxyl group, B = phenyl (unsub- 
stltuted), M = metamhc acid; AE = ammo-e-acid; and so on. Analogous suffixes can be given to 
reagents synthesized from heterocychc and other more complicated dlazo denvatlves. 

Numerical dengnatlons, e.g , ammomethylazo III, are less loglcal because as a rule the compound 
I and II have either not been synthesized or are of no analytical interest It must be observed that 
it is not, of course, necessary to look for names for reagents which have no clear apphcatlons m 
analytical chemistry. 

A proposed nomenclature for the arsenazo III senes 1s given m Table I 

Reagent substltuents 

TABLE I 
- 

Proposed names 

English Russian 

2,2’-dl-AsO,H, 
2-AsO,H,, 3’-SOsH 
2-AsO,H,, 3”,8”-ch-SO,H 
2,2’-dl-POsHs, 4,4’-&-Cl 
2-COOH 
2,2’-&-SOBH 
2,2’-dl-SO,H, 4,4’-&-NO, 
2-SO,H, 2’-COOH 
2,2’-dl-OH, 3,3’-dl-SOaH, 5,5’-&Cl 
2-OH, 3,3-&-SO,H, 5-N08, 
2,2 -dl-OH, 3,3’,5,5’-tetra-NO, 
4,4’-dl-NO% 
3’-SO,H (first dlazo component armno- 

antlpynne) 
Both dlazo components ammopynchne 

arsenazo III apceuaao III 
arsenazo M apceHaao M 
arsenazo A E apceHaao AE 
chlorophosphonazo III xnop@oc$oaaao III 
anthramhc B aHTpaHHJIOBbIi B 

orthamhc S OpTaHHJlOBIdti C 

mtro-orthlamhc S HHTpOOpTBHHJlOBbl$i C 

orthamhc K OpTElHHJIOBbIi I-i 

sulphochlorophenol S cynb~oxnopq5eHon c 

sulphomtrophenol M CyJIbCjOHHTpO@HOJI 

picramme S nMKpaMuH c 

4-mtrophenyl S 4-HnTpO6eHaOn C 

antlpyrme M FiHTHIIHpMH 

pyndme S IlHpHAEiH C 

Verna&ky Institute for Geochemrstry and Analytrcal Chemrstry 
Academy of Scrences, Moscow 
23 March 1968 

S B. SAVVIN 
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Editorial note. The problem 1s further comphcated by the difficulty of transhteratlon from Russian 
to English or vice versa. For example OpTaHHnosblft should be translated ortanilic, but the h must be 
inserted to made the derivation recogmzable 111 English. Worse, B~HLWJI IS used in Russian for the 
grouping generally referred to as phenyf m English, and a translation 1s needed Instead of merely 
transliteration. 
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EDITOR5 FOREWORD 

On Monday, November 3rd, 1947, A. A. SMALES started 
work at the Atomic Energy Research Establishment, Harwell. 
The Editorial Board and Publishers of TALANTA take pleas- 
ure in honouring 21 years of signal achievement and wishing 
him every success in the future by presenting this special issue, 
which is comprised entirely of invited contributions from 
present and former colleagues and associates. 



A. A. SHALES, O.B.E., D.Sc., F.R.I.C. 



A view of the Atomic Energy Research Establishment at Harwell in March 1946. 

The new Analytical Science Laboratory, Harwell, 1968. 





The Analytical and Research Development Unit was formed 20 June 1968 to provide 
industry with direct access to Harwell expertise and resources. The latter include a 

Laser microprobe (left) and a Spark source mass spectrograph (above). 
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Die Aaalyse der Luft and lhrer Verunrelal8ung en: W. Lerrmr. Wissenschaftliche Verlagsgesellschaft 
mbH, Stuttgart, 1968. Pp. xiii + 288. DM 58. 

The author, who is head of the laboratories of the &terreichische Stickstoffwerke in Linz, has 
very ably covered the fields of atmospheric pollution and the analysis of air for a wide range of 
contaminants. His own wide experience has resulted in a collection of methods and techniques 
with much useful practical information and many valuable comments. The notes on the industrial 
significance and the physiological activity of many compounds makes interesting reading. There 
am sections on Atmospheric oollution, Sam~line techniaues. Analvsis of artificial mixtures. 
Instrumental methods *for inorganic c&tam&& and tor -organ& contaminants, and an 
Appendix with MAK-Werte and MIK-Werte (maximum allowed concentrations at the work- 
bench, and in exhaust gases). A verv useful book which should find a place on everv industrial 
analyst’s shelf. 

PolarqIraphy-Plenary Lectures from the 1.U.P.A.C Congress, Kyoto, 1966. Butterworths, London, 
1967. Pp. 124. 50s. 

Seven plenary lectures, also published in Pure Appl. Chem.. 1967,15, No. 2, are here uresented 
in book form. The topics cove&d are Theory of poiarographic currents, Polarography ‘m molten 
salts, Theory of the current in a.c. polarography, Adsorption of organic substances on the free 
water surface and at the water-mercury interface, Polarographic methods ofanalysis (in particular, 
stripping methods), Recent trends in organic polarography, and Advances in a.c. polarography 
and tensammetry. These are review-type articles and offer useful background reading to the 
subject. More careful editorial supervision might have eliminated a number of obvious mistakes 
and ambiguities. 

Radio and Electronic Materials: N. P. BOOOROD~~SKII and V. V. PASYNKOV. Iliffe, London, 1967. 
Pp. 350.63s. 

This is a translation of the original Russian book on materials science for radio and elec- 
tronic engineers, and is in two parts-on dielectrics, and on conductors, semiconductors, and 
magnetic materials. There is a strong chemical bias to the theoretical sections, and the applied 
sections contain many examples of practical devices. 
many figures and diagrams. 

The whole book is well illustrated with very 
This will be a useful reference book for any chemist working in the 

electronics industry, as well as being suitable reading for students of electrical engineering. 

Sabstoichlometry in Radlochemlcal Analysis: JAROMIR R~IZIEKA and J~ill STAR+. Pergamon, Oxford 
1968. Pp. xi + 151. 55s. 

An authoritative guide to the substoichiometric principle and its applications, by the originators 
of the technique. The compilation of procedures is particularly useful, and the burden of the 
second sentence of the preface should be taken to heart by all chemists. 

Trace Iaorgaaics in Water: Advances in Chemistry Series, No. 73: Editor ROBERT F. GOULD. 
American Chemical Society, Washington D.C., 1968. Pp. viii + 396. $12.50. 

This volume contains the full text of the 21 contributions to a symposium held in 1967 on 
various aspects of the chemistry of traces of inorganic substances in water. The result is a collection 
of extremely wide-ranging papers which could-be read with profit by chemists of all types, and 
not least by students. The topics (selected almost at random in this notice) ranee from entronv 
effects, through atomic-abso-$tion and atomic-fluorescence spectroscopy,. to Gncentration b? 
solutions by freezing. 



Louis Gordon 
Memorial Award 1967 

MR. ROBERT MAXWELL, M.P., Chairman of 
Pergamon Press, presents a specially bound copy 
of Talanta 1967 to PROFESSOR H. J. V. TYRELL 
(right), whose paper “End-point Sharpness in 
Thermometric Titrimetry” (1967, 14, 843) was 
adjudged the best-written, stylistically, of the year. 
The presentation was made at the House of 
Commons, London, on 16th July. 
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EDITORIAL 

HOW MANY km TO BABYLON? 

WE are sure that all Talanta readers can safely be assumed to be thoroughly conversant 
with current scientific literature and to be aware of the recommendations that all 
scientific publications should use metric (S.I.) units exclusively. For analytical 
chemists the changes will be very few. With the redefinition of the litre as 1 dm3, 
the new ml will differ from the old by a factor of 1.000028, a difference which is far too 
small to affect anything but atomic weight work. The main changes appear to be 
the use of nm instead of rnp and of Hz instead of c/s, but the greatest effect will come 
from the conversion of non-metric into metric units. Henceforward, dimensions of 
apparatus will be given in S.I. units and not in feet and inches. In making the con- 
version, authors must use a realistic number of significant figures in the factor used; a 
good working rule for use with apparatus that must be made in the workshop would 
be to assess the working tolerance of machining or other fabrication, work out the 
number of significant figures implied by it for the particular dimension, use one more 
than this number of digits in the conversion factor, and round off the answer to the 
same degree of tolerance as in the original dimensional units. For non-critical 
dimensions, of course, such as the size of a well-type crystal in a scintillation counter, 
a similar rule can be used, and a 3 x 3 in. crystal would have a 75 x 75 mm metric 
equivalent (the use of the cm as a unit of length is not normally permitted). 

There is one problem, however, which is not tackled by the S.I. system, and that 
is the difference between the American and the European billion (log and 1012 
respectively). Fortunately there is a perfectly respectable and well-known term for 10s, 
the milliard, and we propose to use this to avoid the confusion that can arise from 
unqualified use of “billion”. As an abbreviation for milliard we propose to use M, 
which avoids confusion with m for million or metre, and with M for molar; parts per 
milliard (a common concentration unit in trace analysis and pollution studies) will 
be ppM, and parts per million will be ppm as before. No confusion should arise with 
M for mega, which can be used only as a qualifying prefix to a unit. 



OBII’ITJARY 

ANATOLII KYRILLOVICH BABKO 

It is with regret that we announce the sudden death in Kiev, on 7th January 

1968, of ANATOLII KYRILLOVICH BABKO. Professor Babko, of the Ukrainian 

Academy of Sciences, was well known for his work on the analytical chem- 

istry of complex compounds, a field of research to which he had made 

many contributions, one of the last of which was a review on ternary com- 

plexes, which will be published in Talanta. 
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NOTICES 

1-5 April 1968 

Thermal Analysis school. The Thermal Analysis Group of The Society for Analytical 
Chemistry is holding a residential thermal analysis school at the Cement and Concrete 
Association’s Conference and Training Centre, Fulmer Grange, Slough, Bucks. on 
l-5 April 1968. Lectures by leading workers in the field, practical work on a wide 
range of thermal analysis equipment loaned by various manufacturers, and discussion 
groups on specialist topics will help senior scientists and technologists to evaluate 
critically the use of thermal analytical techniques in relation to their own testing and 
research requirements. Details of the study programme and course arrangements may 
be obtained from The Thermal Analysis School, Cement and Concrete Association 
Training & Conference Centre, Fulmer Grange, Slough, Bucks., U.K. 

7-11 April 1968 

EUCHEM Conference on Problems of Non-stoichiometry, Schloss Elmau, near 
Mittenwald, Germany. 

The following topics will be dealt with 

The Chemistry of Non-stoichiometric Phases 
Crystallographic Aspects of Non-stoichiometric Phases 
Thermodynamics of Non-stoichiometric Phases 
Valence Chemistry of Compounds of Transition Elements 
Methods of Investigation. 

The provisional programme as well as the preliminary registration forms may be 
obtained from Gesellschaft Deutscher Chemiker, 6fKKl Frankfurt (M), Postfach 9075, 
Germany, who are organizing the conference. 

ADDENDUM 

C. E. PLOCK and W. S. POLKMGHORNE: Controlled potential coulometric determina- 
tion of uranium and neptunium in uranium-neptunium alloys, Taianta, 1967,14,1356. 

The date of receipt of the above article was as follows. 

(Receiwd 25 May 1967. Accepted 17 Jzdy 1967) 

i 
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Inorganic analysis in organic solvents-III. Adsorption characteristics of metal chelate compounds 
on aluminas and silica gels: M P T BRADLEY and D A PANTONY (10 September 1968) 

Manganese(W): A new oxidimetric titrant: GARY L SILVER (10 September 1968) 

Cation-exchange behaviour of several elements in hydrobromic acid-organic solvent media: J KORKISCH 
and E KLAKL (11 September 1968) 

Determination of small quantities of xanthate: C POHLANDT, E B T COOK and T W STEEL (11 
September 1968) 

Dissociation constants of Alizarin Fluorine Blue: C K LAIRD and M A LEONARD (11 September 
1968) 

Studies of the ceric ion oxidation of a-mercaptocarboxylic acids, by thermometric titrimetry: W A. 
ALEXANDER, C J M.GH and A MCAULEY (11 September 1968) 

Infrared determination of calcium or lithium nitrate in acetone solution; determination of calcium 
or lithium in the presence of strontium or barium: G NORWITZ and D E CHASAN (12 September 
1968) 

Rapid method with an enhanced stability for the spectrophotometric determination of calcium with 
glyoxal bis(2-hydroxyanil): JACOB LAPID and YECHIEL PICKHOLTZ (13 September 1968) 

Microdetermination of the nitrates and the nitramines-I. Titrimetric method based on reduction 
with iron( titanium(III), and a mixture of both: WILLIAM IBRAHIM AWAD and SAAD S M 
HASSAN (13 September 1968) 



11 Papers received 

Microdetermination of the 
with mercury, iron 

nitrates and the nitramines-II. Gasometric methods based on reduction 

(13 September 1968) 
and titanium(II1): WILLIAM IBRAHIM AWAD and SAAD S M HASSAN 

Microdetermination of nitrates-III. Gasometric method based on a new redox reaction with hydro- 
quhione: WILLIAM IBRAHIM AWAD and SAAD S M. HARLAN (13 September 1968) 

Determination of isotopic radium in thorium mill effluents: 
September 1968) 

V A KAMATH and P P. PAREKH (13 

Complexation of scandium with 3,5,6,7,3’,4’-hexahydroxytlavone (quercetagetht) and its application 
to spectrophotometric determination of scandium: B P GUPTA, R P SINGH, D K BHARDWAJ 
and MOHAN KATYAL (16 September 1968) 

Spectrophotometric determination of zirconium and other colour reactions with rutht: B. S GARG, 
R. P. SINGH and MOHAN KATYAL (16 September 1968) 

Coloured chelate of palladium(D) with Eriochromecyanine RC: SURESH C SHRIVASTAWA, KAILASH 
N. MUNSHI and ARUN K. DEY (16 September 1968) 

Spectrophotometric determination of L-ascorbic acid: YOSHIRO OGATA and YOSHIO KOSUGI (16 
September 1968) 



PROFESSOR G. GOPALA RAO 

Gandikota Gopala Rao, Head of the 
Department of Chemistry, Andhra University 
Waltair (India), completes 60 years of life on 
11 November 1968. He had his early edu- 
cation at Rajahs College, Kakinada and 
Maharajah’s College, Vizianagaram, where he 
received the Bachelor’s degree with distinc- 
tion and gold medal. He then proceeded to 
Allahabad where he took the M.Sc. degree in 
1930, receiving the Victoria Jubilee medal for 
first place. With a fellowship offered by 
Andhra University, Gopala Rao took up 
research work under Professor Dhar. On the 
opening of Honours courses in Chemistry in 
1932 by Andhra University, he was made 
lecturer, and rising to be reader (1938), pro- 
fessor (1946) and head of department (1949), 
he chose an academic career, rejecting al- 
luring offers from industrial and research establishments. 

The scientific work of Gopala Rao is largely in the area of redox analytical 
processes. His early interest in photochemistry led him to the development of new 
analytical processes by application of the chemical action of light. This work de- 
manded an oxidant for the determination of reductants without interference from the 
excess of organic compounds added as photochemical reductants. Thus was dis- 
covered the specific use of sodium metavanadate. 

Another field which has interested Gopala Rao and school is the use of catalysts in 
analytical chemistry, and many methods have resulted from this work. His work on 
redox reactions in concentrated orthophosphoric acid medium has opened a new area 
of redox titrimetry, iron(H) then being a more powerful reductant, and the “normal” 
redox reactions being reversed. He has also demonstrated that potassium dichromate 
becomes a more useful and convenient oxidant in phosphoric acid medium. Publi- 
cation of these results in a series of papers in Talanta has attracted worldwide at- 
tention. Professor Gopala Rao is currently engaged in the investigation of the 
kinetic and other fundamental aspects of these redox reactions. 

Other work includes investigation of ascorbic acid, hydrazine, and arsenic(III), 
extensions of the use of cerium(IV), chlorate, iodate and iron(III) as oxidimetric 
reagents, introduction of new redox indicators (metal phthalocyanins) and extensions 
of the use of triphenylmethane dyes, cacotheline, ferroin and diphenylamine 
derivatives as redox indicators. 

While taking an active part in chemical research, he also loves to organize. Besides 
extending the inorganic, organic and physical chemistry sections, he has added 
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analytical and nuclear chemistry sections to the department. Under his leadership, 
Andhra University started in 1957 a course leading to the M.Sc. degree in Analytical 
Chemistry. During 1944-49 he helped the Madras State Government to develop an 
Analytical and Testing Laboratory of which he was the honorary director. He has 
served as Talanta regional editor for India and Pakistan. In 1963 he became Principal 
of the University colleges. He has afforded ample opportunities to his younger 
colleagues in the department to engage in active research in different areas of chemistry. 
Over 30 persons have taken their D.Sc. and Ph.D. degrees under him and many of 
them occupy important positions in the Universities, research laboratories and 
industry. 

M. N. SASTRI 

II 
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PAPERS RECEIVED 

JZifect of chromium (III) and of other ions on the absorptiometric determination of copper with 
Z,Y-biquinolyl: H. M. N. H. IRVING and W. R. TOMLINSON. (20 February 1968) 

Uranium and thorium abuudances in chondritic meteorites: J. W. MORGAN and J. F. LOVERING. 
(26 February 1968) 

Potassium-argoa dating of the Cape Granite and a granitixed xenolith at Sea Point: G. D. L. SCHREINER, 
H. H. BA~~CIN and A. A. VERBEEK. (SApril1968) 

Ocxmrrence of bromine in plants and soil: YOSHIO YAMADA. (23 April 1968) 
Semipermeable ion-ex&ange membranes as a preconcentration matrix for trace analysis by electro- 

chemical and neutron-activation techniques. Applicability and ihnitatJons: URJ EI~NER and 
HARRY B. MARK, JR. (26 April 1968) 

Ddtexmiaation of antioxidants in polymeric materials: D. A. WHEELER. (26 ApriZ 1968) 
Potentialities of b&wed spectroscopy in determhdng traces of carbon or oxygen as carboo dioxide: 

T. CARTER and H. I. SHALGOSKY. (29 April 1968) 
Reactions between mercury (II) and organic compound+V. Study on the complex of mercury (II) 

with o-(2-tJdaxolyJaxo) resorcJno1: FU~~IAIU KAI. (29 April 1968) 
Anweadung voo ExtraJttionsverfahren in der hrverseu Voltanunetrie (I): H. MATXHINER and M. 

ROSCHIG. (29 April 1968) 
Computer calculation of equilibrium constants of species present in mixturea of metal ions and com- 

plexhtg agents: I. G. SAYCE. (29 April 1968) 
Extraction of vanadium into isoJMyJ methyl ketone: Application to the detennJnation of vanadium by 

atomic-absorption spectroscopy: HANS J. CRUMP-WIESNER and WIUIAM PURDY. (30 April 1968) 
Diffusion of fluoride in hexamethyldisiloxane: R. J. )IALL. (30 April 1968) 
Determination of cJuomhun and aluminium in a ‘nbnonic’ alloy by activation witJt fast neutrons: 

D. A. QUIGLEY and J. W. A. TRUSSLER. (2 May 1968) 
On tJte nomenclature of organic reagents of tie arsenaxo HI group: S. B. SAWIN. (2 May 1968) 
Reactions between mercury (II) and organic compounds-VI. New indicator for the determhmtion of 

mercury (II): F. KAI (2 May 1968) 
Gravimetric determination of nickel with quinoxaline-2,3ditJdoJ by precipitation from homogeneous 

solution: J. A. W. DALZIEL and A. K. SLAWINSKI. (3 May 1968) 
PolarograpJdc behaviour of the complexes of cadmium and lead with benxhic acid: J. K. GUPTA and 

C. M. GUPTA. (3 May 1968) 
Collection of traces of metals on carboxycelhdose cation-exchanger: E. SCHLTLEK, Zs. REMPORT- 

HoRvATH, A. LAszm and E. KOR& (3 May 1968) 
Ceramic crucibles for thermouravhnetric analysis: G. LIPTAY and E. SARKAw. (6 Mav 1968) 
A scandium generator: M. I? MIRZA and AI AZIZ. (6 May 1968) 

. , _ 

Trace analysis by atomic-absorption spectropbotometry-a sequential mtdti-element approach by 
solvent extraction: B. MONTFORD. (7 May 1968) 

Determination of ultra-micro amounts of selerdum by electron-capture detector gas chromatography: 
SUSUMU NAKASHIMA and KYOII TOEI. (8 May 1968) 

Separation and solvent extraction of vanadhuu and uranium with n-propyl 3,4,5&ihydroxybenxoate: 
FADIL JASIM. (8 May 1968) 

Cationexcbange separation of hafnhun and xircoaium from accompanyhtg metal ions: J. KORKISCH 
and K. A. ORLANDINI. (8 May 1968) 

Simple method for the thermoanalytica1 observation of processes involving the splitting-off of anunotda or 
halogen: MIHALY BERI?NYI. (13 May 1968) 

Kiaetic study of consecutive reactions by the same-absorbance method: R. S. ROY. (13 May 1968) 
Some variables aiTecting a proposed X-ray fluorescence solution method of analysis for titanium alloys: 

G. L. VASSILAROS and J. P. MCKAVENEY. (14 May 1968) 
Spectroscopy in separated ihunes-V. The properties and applifation of argon- or nitrogen-sheathed 

nitrous oxide-acetylene iiames in Bame emission spectroscopy: G. F. KIRKBRIGHT, M. SARGENT 

and T. S. WEST. (14 May 1968) 



ii Papers Received 

Polarography as a tool in organic analysis. The simultaneous microdetermination of bromin&odine 
and chlorine-iodine in organic compounds after oxygen flask combustion: Y. A. GAWARGIOUS, 
G. M. HALIASHY and B. N. FALTAOOS. (14 May 1968) 

Fluorescence characteristics in inorganic complexes in hydrochloric acid medium at liquid nitrogen 
temperature: G. F. KIRKBRIGHT, C. G. SAW and T. S. WEST. (14 May 1968) 

Coulometrische Metallometrie: Elektrolytisch erzeugter Kupriion als coulometrischer Titrant : PANTA S. 
TUTUNDZIC and MILAN M. PAUNO~IC~ (14 May 1968) 
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PAPERS RECEIVED 

Solubility of water in hydrocarbons as a function of water activity: J. W. RODDY and C. F. COLEhlAPj 
(29 January 1968) 

Neutron-activation analysis for the study of metallogenic provinces: ERNST A. UKEN, GABRIEL G. 
SANTOS and RICHARD E. WAINERDI. (2 February 1968) 

Determination of hafnium by neutron activation, and variation in the Zr/Hf ratio of some granite 
masses: J. ESSON, P. HAHN-WEINHEIMER and H. JOHANNING. (5 February 1968) 

Chemical analysis of ceramic materials, containing uranium and plutonium, arising from the develop- 
ment of nuclear fuels: G. W. C. MILNER, G. PHILLIPS and A. J. FUDGE. (9 February 1968) 

Solvent extraction of Hf(IV) by iV-henzoyl-N-phenylhydroxylamine: K. F. FOUCHE. (16 February 
1968) 

Development and influence of autoanalysers and data processing in analytical chemistry: L. E. SMYIHE. 
(27 February 1968) 

Use of neutron-energy moderation for resolving interferences in fast-neutron activation analysis: T. B. 
PIERCE, J. W. EDWARDS and K. HAINES. (29 February 1968) 

Use of immersion-type fibre optics in photometry and automatic photometric titrations: M. G. YOUNG, 
T. H. CLARKE and R. T. SCHLICK. (14 A&x/l 1968) 

tiber Eisen(III)-Komplexe mit Phenolen-II. Chelate mit Salicylsiiure- und Brenzcatechinderivaten: 
GERHARD ACKERMANN and DIETER HESSE. (17 March 1968) 

Use of instrumental activation-analysis for the characterization of terrestrial and extra-terrestrial 
material: M. P. MENON and R. E. WAINERDI. (19 Afwch 1968) 

Determination of caesium-137 in fast-reactor coolant systems: G. OLDHAM, A. R. WARE and D. J. 
SYKES. (20 &fur& 1968) 

Spectrophotometric extractive titrations-VI. Titrations with 1-(Z-pyridylazo)-Z-naphthol: AFTANAS 
GALIK. (20 March 1968) 

Spectrophotometric determination of some ricdiols: G. NISLI and A. TOWNSHEND. (23 March 1968) 

Complexes mixtes des nitrilotriacetates metalliques avec I’acide glutamique ou avec l’acide aspartique: 
J. ISRAILI and M. CECCHETTI. (25 March 1968) 

Indirect complexometric semi-micro determination of iodide: D. NONOVA and S. POPA~DOVA. (25 
March 1968) 

Spectrophotometric study of the reaction of magnesium(H) with arsenazo III: RAHILA DOICHEVA and 
MARIA KOEVA. (26 Marc/r 1968) 

Spectroscopy in separated flames-IV. Application of the nitrogen-separated air-acetylene Bame in 
flame-emission and atomic-fluorescence spectroscopy: R. S. Hoeas, G. F. KIRKBRIGHT, M. SARGENT 
and T. S. WEST. (26 March 1968) 

Potentiometric studies of the complexes of chromium(VI). Moiybdenum(VI) and tungsten(VI) with 
some Azoxine S dyes: S. S. GOYAL and J. P. TANDON. (28 March 1968) 

Carboxyarsenazo and Dibromosulphonazo III as selective and sensitive reagents for the spectrophoto- 
metric determination of palladium: J. G. SEN GUPTA. (1 Aprif 1968) 

Germanomolybic acid and basic organic dyestuffs--I. Spectrophotometric determination of Ge(IV) 
with xanthenic dyestuffs: GR. POPA and L. PARALESCU. (1 April 1968) 

Tbiovioluric acid as an analytical reagent-I. Gravimetric determination of palladium: R. S. CHAWLA, 
YAG DUTT and R. P. SINGH. (4 April 1968) 

Spectrophotometric determination of tartrate in the presence of citrate: G. Nrsrr and A. TOWNSHEND 
(4 April 1968) 

Use of a medium-dispersion instrument for the spectrochemical determination of thorium, yttrium and the 
rare earths in silicates: N. E. COHEN, R. D. REEVES and R. R. BROOKS. (15 April 1968) 



Papers received 

Electrogravimetric trace analysis on a piezoelectric detector: J.WES P. MIEURE and JERRY L. JONES. 
(16 April 1968) 

On potentiometric titration curves in complerometry: A. Hvr~wxr and M. TORJANOWICZ. (16 
April 1965) 

pSitroaniline as a calorimetric reagent for sulphur dioxide: PER OLAF BETHCE and MARGARETA 
CARLSON. (16 April 1968) 

Determination of metallic iron, ferrous oxide, and ferric oxide in admixture: B. R. SANT and T. P. 
PRASAD. (17 April 1968) 

Automated determination of traces of mercury in biological materials by substoichiometric radioisotope 
dilution: J. Riii~c:)(~ and C. G. LAMX (17 April 1968) 

Radiometric acid-base titrations: L. ERDEY, 0. GIMESI and F. SZABADV~RY. (17 April 1968) 

Extraction determination of caesium in fission-products with a nitrobenzene solution of lithium dipicry- 

laminate: J. KRTIL and M. BEZDBK. (18 April 1968) 



PAPERS RECEIVED 

Anionic liquid-liquid extraction of scandium by a long chain amine (4mberlite La-2) in acid-sulphate 
media: TSUNEO SHIMIZU (5 December 1967) 

Determination of parts-per-billion concentrations of mercury by atomic-fluorescence ilame spectrometry: 
T. J. VICKER~ and S P MERRICK (5 December 1967) 

Speetrophotometric determination of tetrafluoroborate with ferroin: VERNON S. ARCHER, FRANKLIU G. 
DOOLITIU and LAVERNE M. YOUNG (7 December 1967) 

Nephelometric determination of gold with di-2-thienylketoxime: W. J HOLLAND and J. GERARD 
(20 December 1968) 

Homogeneous precipitation of nickel-salicylaldoximate by evaporation of mixed organic solvents: 
MOHXN QURESHI and WAQIF HUSAIN (21 December 1967) 

Estimation of dimethylsulphoxide with chloramine-T: G. ARAVAMUDEN and D. VENKAPPAYYA (21 
December 1967) 

Activation analysis of selenium and tellurium trace impurities in gallium, arsenic and GaAs: 11. RAUSCH 
and A. SALAMON (21 December 1967) 

Determhmtion of nicotinic acid with gold chloride: 0. C. SAX~NA (22 December 1967) 

Improved method for the specific separation of selenium by solvent extraction with saturated mono- 
ketones: N. JORDANOV and L. FIJTEKOV (22 December 1967) 

Diiferential spectrophotometry of nickel as its pyridine-2,6dicarboxylic acid complex: G. DEN BEEF 
and H. POPPE (22 December 1967) 

Substoichiometric masking-II. The determination of traces of cobalt in metallic nickel and nickel 
salts: H. FLAXHKA and J. GARB (22 December 1967) 

Ionexchange analysis of columbium alloys: T. A. FERRARO (28 December 1967) 

Location and analysis of Meoxy sugars on chromatograms and phcrograms by fluorescence : E. SAWICKI. 
C. R. ENGEL, W. C. ELBERT and K. GERLACH (2 January 1968) 

Mvetric analysis of high-purity carbon dioxide: R. T. PARKINSON and R. E. WILSON 
(5 Januury 1968) 

Direct determination of boron in steel and nickel alloys: A. TOLK, W. A. TAP and W. A. LINGERAK 
(8 January 1968) 

Determination of sulphur in the low ppm range in uranium metal, uranium carbide, and other materials: 
LOUIS SILVERMAN (8 Junrrary 1968) 

Spectropbotometric studies of oxhnidobenxotetronic acid complexes with platinum metals-II. Deter- 
mination of iridium(IV): G S MANKU, A. N. BHAT and B. D. JAIN (9 Jurzuury 1968) 

Spectrouhotometric studies of the complexes of oxhnidobenzotetronic acid with platinum metals-III. 
Complexes of osmium(IV) and platbmm(IV) and separation and spectrophotometric determination of 
ruthenium in presence of other platbmm metals: G. S. MANKU, A. N. BHAT and B. D. JAIN (9 
January 1968) 

Thermogravimetric analysis of molybdenum(VI) sulphide precipitated with potassium thiocarbonate and 
gravimetric determination of molybdenum(VI) in the presence of adverse ions: K. N. JOHRI and 
KIRPAL SINGH (9 Junuury 1968) 

Tbermogravimetric analysis of thesulphidesof selenium(IV),tellurium(IV)andvanadium(V)obtainedwitb 
potassium thiocarbonate reagent and their gravimetric estimations: K. N. JOHRI and N. K. KAUSH~K 
(9 January 1968) 

Thermometric titration of some monoprotic and diprotic acids in aqueous and non-aqueous medh: 
R. J. HARRIES (10 January 1968) 

Applications of enzyme-catalysed reactions in trace analysis--II. Determhmtion of cyanide, sulphide 
and iodine using invertase: D. MEAL~R and A. TOWNSHEND (10 Junuury 1968) 
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ii Papers recewed 

Determination of iron, nickel, chromium and vanadium by means of redox and ion-exchange columns: 
G. A. H. ROBERTS (10 January 1968) 

Study of the reduction of rhenium(VII) with tin(D) ions in sulphuric acid medium, with respect to 
analytical application: N. JORDANOV and M. PAVLOVA (11 January 1968) 

Suggestions for reporting thermoanalytical, thermogravimetric and derivatographic data: JERZY TRAU 
(12 January 1968) 

Argentometric titration of hexacyanoferrate(II) using adsorption indicators: P. S. DUBEY and K. N. 
TANDON (12 Jmuury 1968) 

Complexometric determination of iron and nickel: K. IzL~ov6 (12 Jarwary 1968) 

Determhmtlon of hmthamuu by flame photometric titration: G. SVEHLA and P. J. SLEVIN (15 January 
1968) 

A new volumetric method for estimation of fluorine: B. C. SINHA and S. K. ROY (15 Jumury 1968) 

Inorganic polarography in organic solvents--IV. The polarographic characteristics of metal-oxinate 
complexes in various solvents: R. M. DAGNALL and S. K. HASANNLJDDIN (16 January 1968) 

Solvent extraction of cobalt (II & III), nickel(H), palladiwn(II) and platinum(W) with thenoyltrlthroro- 
acetone: ANIL K. DE and CHI~ARANJAN SAHU (16 January 1968) 

Determination of scandium by atomic absorption: OWEN H. KRIEGE and G. G. WELCHER (17 Junuury 
1968) 

Thin-layer chromatographic separation of scandium, yttrium, the rare earths, thorhun and uranium(VI): 
KOICHI OGUMA (17 Jutwary 1968) 



PAPERS RECEIVED 

Spektralphotometrische Untersuchung der Reaktion von Barimuionen mit Sulfonazo III: Z. SLOVAK, 
J. FIXHER and J. BOR.~K (27 September 1967) 

Radiochemlsche Trenmmgen mit Hilfe der Ringofemnethode-III. Die Systeme ooSr/“Y und 
lroBa/lL%a: D. KLOCKOW (17 October 1967) 

New chromogens of the ferroin--1. Substituted triazines related to 6-cyano-2,2’-bipyridhte: 
A. A. SCHIL.T and K. R. KLUOB (23 October 1967) 

Untersuchungen an Reagenzien fiir Niob und Tantal-IlL Die Reaktionen der Dibromgallussiiure mit 
Niob(V) und Tancal( G. ACKERMANN and S. KOCH (7 November 1967) 

Studies with dithizone_XII. The formation of thiadiazolmes by condensation with aldehydes and 
ketones: H. M. N. H. IRVING and U. S. MAHNOT (17 November 1967) 

Investigation into the use of platinum ware for silicate analysis: B. G. RUSSELL, JUDY D. SPANGENBERO 
and T. W. STEELE (17 November 1967) 

Untersuchung der Rehtheit metallochromer Indikatoren und photometrischer Reagenzien mittels 
chromatographischer Verfahren-I. Papierchromatographische Untersuchung von Azoderivaten der 
Cbromotropsiiure: J. SIEMROTH and I. HENNIG (21 November 1967) 

Bis[l(-2)-pyridyI-3-methyl-5-pyrazolonyl]4,4’-methan-ehr neues Reagenz zur fluorimetrischen Bestim- 
mung van Terbium(III) und Dysprosium(III) in wihriger LSsung-I. Synthese und Struktur des 
Reagenz und Pluoreszenzspektren der Komplexe: E. BAITER, I. Kowwos and H. HO-L 
(21 November 1967) 

Untersuclumg an Reagenzien fiir Niob und Tantal-IV. Die Reaktionen der DtRromgallussGIpre mit 
Niob(V) und Tat&l(V) in Gegenwart von Oxalsiiure, Wiensiiure und Athylemliamintetraessigsiiure: 
G. ACKERMANN and S. KOCH (21 November 1967) 

Absorptiometric determhvation of traces of iron through extraction as fetroht-thiocyanate: V. PA~TDU 
RANOA RAO, K. VENUOOPALA RAo and P. V. R. BHASKARA SAM (21 November 1967) 

Analysis of metal Chelates-VI. Polarographic determination of nickel and palladium in their mixed 
dimethylglyoxhnates: KAZUYOSHI TAKNAMA, YACIUYO TANIGAWA, MAYUMI FIJJITA and HIROKO 
SAKASIUTA (23 November 1967) 

Ternary complexes in analytical chemistry: A. K. BABKO (27 November 1967) 
Extraction of protactinium from mineral acid-alcohol media with organic solvents: A. ALIAN, W. SANAD 

and R. SHABANA (28 November 1967) 

Applications of enzyme-catalyzed reactions in trace analysis--I. Determination of mercury and silver 
by their inhibition of invertase: D. MEALOR and A. TOWNSHEND (28 November 1967) 

Tri(ii-hydroxyquinolinato)uranium(VI): its composition and thermal conversion to di(S-hydroxyquinoli- 
nato)dioxouranium(: J. ABRAHAM and A. CORSINI (29 November 1967) 

Crltlcal review of atomic-absorption, spectmchemical, and X-ray fluorescence methods for the deter- 
mination of the noble metals: F. E. BEAMISH, C. L. LEWIS and J. C. VAN LOON (29 November 1967) 

Separation of carrier-free silver from neutron-irradiated palladium: S. J. LYLE and R. MAGHZIAN 
(30 November 1967) 

Thermoanalytical properties of analytical grade reagen+V. Sodium ha&es: L. ERDEY, J. SIMON 
and S. GAL (1 December 1967) 

+mhvoacetophenone as an indicator in cerhnetry: G. SOMIDEVAMMA and M. S. SARMA (1 December 
1967) 

Substoichiometric masking-I. General considerations and quantitative treatment: H. FLASCHKA 
and J. Gm (1 December 1967) 

Colorimetrie determination of vanadimn: I. I. M. ELBEIH and M. A. ABOU-ELNAGA (4 December 
1967) 
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ii Papers received 

Correction of luminescence emission spectra by digital computer: P. BYROM and 3. B. HUDSON (4 
December 1967) 

Potentiometric studies on the formation of metal complexes with fruns-1,2diaminocyclohexane- 
N,N,iV,‘W-tetra-acetic acid-I. Protonation of the &and: KNUT SCHRBDER (6 December 1967) 

Physico-analytical aspects of hydroxycoumarins: MOHAN KATYAL and H. B. SINGH (7 December 1967) 

Spectrophotometric study of reaction of Picraminazo N wit!~ zirconium ions: A. I. BUSEV, A. I. 
CHERKESOV and E. A. ZADUMINA (11 December 1967) 

Calculation of the stabiity constants of the complexes of k-ad with ditbiocarbaminoacetic acid (TCA): 
SISTER BARBARA KENNEDY (11 December 1967) 

Study of osmium and ruthenium distillation with radioactive tracers: K. S. CHUNG and F. E. BEAMISH 
(11 December 1967) 

Isolation of osmium and ruthenium by ion-exchange paper and subsequent determination by X-ray 
Buorescence: H. TAYLOR and F. E. BEAMISH (11 December 1967) 

a-Hydroxy-a-pyridylmethanesulphonlc acids as calorimetric reagents for the determination of transition 
metals: E. E. H. PITT and V. M. STANWAY (12 December 1967) 

Separation of fluoride by rapid dihion using hexamethyldisiloxane: DONALD R. TAVES (13 December 
1967) 

The analysis of submicromolar concentrations of fluoride in biological samples: DONALD R. TAW 
(13 December 1967) 

Spectrophotometricextractive titrations-V. Theoretical approach to titration of a single cation: 
A~ANAS GALfK (13 December 1967) 
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SUMMARIES FOR CARD INDEXES 

Determination of trace amoants of scandiam by atomic absorption 
spectroscopy: YIU-KEE CIMJ, Tulantu, 1968,15, 421 (Department of 
Chemistry, Chung Chi College, The Chinese University of Hong Kong, 
Hong Kong.) 

Summars-_Optimum instrumental conditions were investigated for the 
determination of trace quantities of scandium by atomic-absorption 
spectroscopy. Enhancement effects by organic solvents and by 
complex extractions were also studied. ?Sc was used to establish the 
optimum extraction conditions. A sensitivity of 0.06 ppm of Sc was 
observed when using extraction into ox&-butanol and atomic 
absorption was measured with an acetylene-nitrous oxide flame. 

Separation and identification of some aatarally occurring alkylphen- 
aathrenes: ROLF J~NSSON, Talunta, 1968, 15, 425 (Department of 
Analytical Chemistry, University of Lund, Lund, Sweden.) 

Sommarg_-Different separation methods, especially gas chromatog- 
raphy, were applied to crude retene obtained from pine-wood tar. 
The relative retention times on three different columns, and the melting 
points, were used to identify the following compounds besides retene 
itself: l-methylphenanthrene, 2ethylphenanthrene, 1,7-dimethyl- 
phenanthrene, l-methyl-7-ethylphenanthrene, 9,lOdihydroretene and 
possibly 1.3~dimethyl-7_ethylphenanthrene, 1,3-dimethyl-74sopropyl- 
phenanthrene. All the substances formed aerosols at the outlet of the 
gas chromatograph. Superfine glass wool was found to be an excellent 
means of coagulating these aerosols. 

Replacement sabstoichiome&y aad its application in activation analysis: 
IVAN OBRusNfK and ARNOLD AD&K, Tulanta, 1968, 15, 433 
(Institute of Nuclear Research of Czechoslovak Academy of Sciences, 
ReZ near Prague, Czechoslovakia.) 

Sammary-A new method based on the substoichiometry principle 
has been developed. Instead of substoichiometric amounts of chelating 
agent, substoichiometric amounts of aqueous solution of a competing 
metal are used. Theoretical relationships have been derived for 
this method of substoichiometric replacement. Possibilities for its 
application are discussed. 



OIIPEJJEfiEHBE CJIEAOBbIX KOJIFIECTB CICAHAklCr 
METOAOM ATOMHOABCOPBqBOHHOn 

Cl-IEKTPOCKOIIBki: 

YIU-KEE CHAU, TuZuntu, 1968, 15, 421. 

Pemmm3--Hccne~osamx ommanbme ~C~GBHH annapaTypbI AJIB 

OIIpeAeJIeHHR CJIefiOBKx KOJIWIeCTB CKaHEEIFI MeTOAOM aTOMHO- 

a6cOp6qHOHHO~ cIleKTpOCHOnHu. TawKe HayseKo BnHRHHe 

Opr~E9eCKuXpaCTBOpHTene~fHMaBne~eHMFIB~OpMeKOMnneKCOB. 

06HapymeAa PyBCTBEITeJIbIiOCTb 0,06Mr/JI B CJIy'Iae H8BJIeYeHWi 

CKaH~ER paCTBOpOM OKCHHa B ~~TE~JIOBOM CIIHpTe; aTOMHafI 

a6cop6qKaHaMepeHa~ EnaMeHu aqeTmzeH-8aKncb a8oTa. 

BbIAEJIEHElE EI tI)JEHTti@IJHAqkW HEKOTOPbIX 
BCTPEYAIOII@IXCFf B HPHPOAE 

AJIKBJI@EHAHTPEHOB: 

ROLP J~NSSON, Talanta, 1968, 15, 425. 

Pesmme-Pawnmme MeTogbI pasnenems, OCO6eHHO rasosarr 

xpomaTorpa+frr HcIIoJIbsoBaKbI B cnysae cbIpor0 peTeHa, nosy- 

9eHHOrO ElB IIapOBOi CMOJIbI. Ha OCHOBaBHHEI OTHOCHTenbHbIX 

BpeMBH y~ep~HBaBEFl Ha TpeX paWIH¶HbIX KOJIOHKaX H T09K 

rwaBJIeKnff E~BHTH@HqEIpOBaHbS cJIenymqae coegEHenz3 KpOMe 

CaMOr peTeHa: l+feTE~+3HaHTpeH, %aTLm@HaHTpeH, 1,7-)IW- 

MeTw@eKaHTpeH, l-MeTEIJI-7-aTHn~eH~TpeH, QJO-~mw~~pope~e~ 
EI MOWeT 6b1m 1 ,??-~MeTEIJI-7-aTEJI(eHaHTpeH, 1,3-AHMeTEJI-7- 

H6OIIpOIIHJI#teHaHTpeH. Bee BeqeCTBa o6pasoBana aapO8Onn Ha 

BbIxoAe ~8 rasOBOr0 XpOMaTOrpa$a. OTJIHYH~IM CpeACTBoM AnR 

KOaryJIHqHIl aapOSOneti IiBJlFIeTCII O=IeHb TOHKaFI CTeKJlFfHHaH 

BaTa. 

METOJT, 3AMEIIJAIOIIJEn CY BCTEXBOMETPMM kl 
El?0 MCIIOJIb30BAHtiE B AKTMBAIJHOHHOM 

AHAJIMBE : 
IVAN OBRusNfK and ARNOLD ti~h&i!~, Talunta, 1968, 15, 433. 

Pesxoms-Paspa6omui HOB~IB MeTon OCHOBMB~JOJ@~CK Ha npn- 

HqHne cy6cTexEIoMeTpnx. BMeCTO Cy6CTeXHOMeTpHSeCKHX KOJIH- 

~eCTBXenHpyH)~erO~eHTanOJIb~yH)TCIICy6CTeXHOMeTPH9eCKHMEI 

KOJIUgeCTBaMH BOAHOrO paCTBOpa KOHKypHpyIoQerO MeTaJlJla. 

YCTaHOBneHbl TeOpeTWieCKIle OTHOlIIeHHR LVlfl aTOr MeTOAa 

saMem(aronqefi Cy6CTeXMOMeTpHIL 06cy)fCAeHbI BO~MOWIOCTU ero 

IlpHMeHeHIiH. 



Summaries for card indexes 
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Spectroscopy in separated flames-III. Use of the separated nitroas 
oxide-acetylene flame in thermal emission spectroscopy: G. F. 
Knumarorrr, A. SEMB and T. S. WEST, Talanta, 1968, 15, 441 
(Chemistry Department, Imperial College, London, S.W.7, U.K.) 

Sammary-The separation of a premixed nitrous oxide-acetylene 
flame at a modified commercial burner is described. The reducing 
interconal zone of the fuel-rich separated flame exhibits low radiative 
background. The reducing atmosphere and high temperature of this 
flame result in an effective medium for the excitation of the atomic 
line spectra of the refractory elements. The use of the fuel-rich 
flame in the flame photometry of these elements has been investigated. 

Flnores~ytische Bestimmang van Saltidionen im Nanogramm- 
bereich: ADOLP GR~RT, KARLHEINZ BALLSCHMITER and GUNTHER 
T&G, Tuhru, 1968, 15,451 (Institut fti Anorganische Chemie und 
Kemchemie der Johannes Gutenberg-Universitat, Mainz, Bundesre- 
publik Deutschland.) 

Summary-_The determination of sulphide in the range l-10 @ml 
based on the quenching of the fluorescence of fluorescein-mercuric 
acetate in alkaline solution is described. Solutions of diphenylthiourea 
were used as calibration standards. The standard deviation was 0.17 
@ml for 3.5 ng of sulphide per ml. 

Studies on imidade derivatives as chelating agents-V. Investigations 
of the applicabilities of the azoimidazoles as metah&omic indicators: 
OSAMU YAMAUCHI, HISASHI TANAKA and TOYOZO UNO, Tuluntu, 
1968,15,459 (Faculty of Pharmaceutical Sciences, Kyoto University, 
Sakyo-ku, Kyoto, Japan.) 

SW-Applicabilities of several azoimidaxoles as metallochromic 
indicators were investigated in the light of the general equations 
expressing the colour change in the visual chelatometric titrations. 
By using the stability constants of the nickel(E), copper(E), zinc(lI) 
and cadmium(B) chelates, the useful pH ranges, titration errors and 
sharpness of colour changes were predicted theoretically and the 
usefulness of these reagents as indicators was established experimentally. 
The Cu(II)-EDTA-in&cator system was also examined ex~rimentally. 
The OH-containme azoimidaxoles could be annlied to the direct 
titration of copper, hckel, zinc, cadmium, lead add bismuth and to the 
titration of calcium and cobalt in the presence of Cu(II)-EDTA. 
Attempts were made to construct diagrams for the estimation of 
titration errors and sharpness of colour changes. 



~~E~TPOC~O~~~BPA3~~~EHHbIX IIJIAMEHAX-III. 
%ICIIOJ-Ib30BAHBE PASZEJIEHHOI’O IIJIAMEHH 

BANICE A30TA ‘ii AUETHJIEHA B 
TEPM03MBCCBOHHOfi ClIEKTPOCKOIIBB: 

G. F. I(IRKBRI~~~, A. SEMfI and T. S. WEZrr, Talunra, 1968,15,441. 

Pes~M~O~~c~o pa8~e~eE~e ~e~apKTe~bK0 c~e~~Eor0 
nxaMew.2 8aKwf aaoTa K awrxsneaa B MO~~~~~K~OB~HO~ 
KonimepsecKoi ropeape. BOCCT~NWJI~B~KI~~R SEHTepKOHyCHaR 
8oHa 60raTOrO TOI~JIE~BOM pa8nenaHKoro IIJI~M~HH noKaabIsaeT 
HKBKYI~ cpow panaqKK. BoccTaKaBaaBaIouJarr aTMoc@epa EI 
BbICOKaFITeM~epaTypaaTOrOnnaMe~~o6pasyroT~t?BCTBKTenbHy1o 
CpeJQ' AJIfi Boa6y;rrrAeHnff aTOMIIMX JIKKefiHKX ClIeHTpOB OrHey 
IlOpHI4X WleMeHTOB. kICcJieAOBaH0 ~c~o~b3oB~~e 6oraToro 
T~~~~BoM ~~a~eH~ B ~~~eEH0~ ~0T0~e~pKK BTEX ~~eMeHToK* 

ADow GR~JNERT, KARLHEINZ BALLSC~R and WJNTHER T~~LG, 
Tnlantu, 1968, 15,451. 

Pewome-OnncaHo 0npeaeneHne cynb+iAa B npeaeaax l-10 Hr/ 
~,oc~oBb~BaK)~eecx~ar~e~~~~~yopec~e~~~~~~ryopec~e~~a- 
aqeTaTa pTyTE B uJeJxosHoM pacTBope. PaCTBOpbI m4ezixamzxo- 
MO~eB~~ K~UO~b8OB~~ B Ka4eCTBe K~~~BOBQ¶~~ 8Ta~OHOB. 
CTaIiAapTHafI onrurbea paBHa O,l? trr/Mjr ax% 3,6 &&2X CyJII&f~a. 

XEJHJPYIO~YBX AI’EHTOB-V. ~CC~EAO~AH~E 
rIPBMEHBMOCTH A30WM%iAA30JIOB KAK 

METAJIJIOXPOMHMX BHfiIJKATOPOB 

0s~ YAMAU~~, Hww TANAKA and TOYOZO UNO, Talanta, 
1968, 15,459. 

P~~M~~C~eXOB~a KpKMeH~MOC~ HeKOTOPhEX a8O~~EAa- 
80JlOBB Ka~e~~~~a~~OXpO~~~H~KKaTO~OBH~O~OB~~ 
061qnx ypaBKeH~ltt,onmrcarnaro~~xnepeMeHy~seTaBsKay~~nx 
XeJIaTOMeTpWIeCKHX TliTpEUJHfIX. 'i'eopeTn¶ecKE npeAcKasaKbz 
OJJDi6KH THTpW@i H pe8KOOTb UepeMeHbI SBeTa Ra OCHOBEIHEH 
KOHCT~T~CT~~~~BOCTHX~~~TOB~EIH~~~(II),M~~EI(II),~HHK~(II) 
HK@J.lKIi(II),ElOUblTOMyCTaHOBJIturaIlOJre8HOCTb~TKXpe~eKTOB 
B KaqecTse xKnaKaTopa. !t'aKme ~Kc~epKMeHT~~o KcIIbPTaaa 
edema CU(II)-aATA-KHAUKaTOp. ~OAep~~M~ OH-rpynny 
880HMB~88OJI~MOH(HOUOJlb~OBaTbClf~~ IIpRMOPO TKTpOB5UiEZ-I 
Me~,HEIKeJIRI,II(HHKa,K~YEIR,CBEIH~aEIBEICMyTPY[AJIRTUTpO- 
BaHElti KWlbIQiK II KO6aJIbTa B IIpHCyTCTBHH Cu(II)-3,D,TA. 
l-IOKyJIIaJIOCb CKOHCTpyHpOBaTb J&liWpaMMbI AJIII YCTaHOBJleHFiR 
OIUli60KTIlTpOBaHWIE¶pe~KOCT~IK?peMeHbI~BeTa. 



Summdes for card indexes 

New chromo@zts of the &r&t-type-I. Subt?tftttted triazines related to 
6-cyan&,Z’-bipyridine: ALFRED A. SCHILT and Karrrr R. Ktuffa, 
Talonta, 1968, 15, 475 (Department of Chemistry, Northern Ihinoia 
Univemity, &Ra& =Qiis 60115, tf2LA.j 

§aauaat~-A sp&rophotometric study has been made of the $ron@X), 
cobah( nickel(II) and copper(I) chelates of seven new compounds 
that contam the ferroin functional grouping. None of the new cam- 
pounds praved to be superior to chromogenic reagents currently in use. 
but the results are of interest in designing new chromogens. 

I ~~~ ciwuplaes: M. IWti and M. MusnxlvA; Tu&tiu~ 
1968, IS, 479 (A. S. Pop&s Research Institute of Radiocommuni- 
cations, Prague 4, Novodvorska 994, Czechoslovakia.) 

Sv-Extraction of ion-associates of tris(1,10_phenanthtoline)- 
iron cation with monostiphonated azo dye anion into 1,2- 
di~~oroe~e is described. The method increases the sensitivitv of 
the c&ximetric determina tion 
line. 

of bivalent iron with l,~~ph~~~ 

Appticutioa of 2-rliPhenyla~~~~,3-indaadione chemistry in the idWill- 
cation oforfgnfc compomd~ W, A. Moarizx, I. S. Bac&+a~ and E. J. 
POzxOmK, Xalanrff, 196&H, 482 (JDepart.ment of Chemistry, University 
of Delay Newark, Delaware 19711, U.S.A.) 

~-~~~tj~ of2aiphenyl~y~-li,3-indandioae have proved 
useful in identi&ation of a wide variety of functional groups in organic 
compounds, and an account is given of their application in qualitative 
analysis. 



AKnoTaum eTaTea 

HOBbIE XPOMOI’EHbI TIN-IA @EPPOLIHA-I. 
3AMEaEHHbIE TPEIA3HHbI CBFIBAHHME C 

6-~HAH0-2,2’-BI?IIILIPLI~BHOM: 

ALFRED A. SCHILT and KEITH R.KLUGE, Talanfa, 1968, 15, 475. 

hIOMe---MsyueHbI ClWKTpO@OTOM3Tp&¶WCKHM MeTOAOM XeJIaTbI 

mesesa(II), KO6anbTa(II), miKem(I1) EI MeAn cenfb HOBMX 
coe~miemti,co~epmaq~x~yKKqKoKa~bHy~ rpynnyc$eppoma. 
HHO~HOOTHOB~TXCO~~MH~HHZ~H~ OKa3a~OCHJIyWllElMOTXpOMO- 
l%HHbIX pSU’3HTOB IICIIOJIb3OBElHHbIX B IIpaKTEIK3, HO p33yJIbTElTbI 

HHTepeCHWe AJIH CIIHT333 HOBbIX XpOMOI’eHOB. 

YJIYqIIIEHHOE OIIPEAEJIEHBE xEJIE3A 
MCrIOJIbBOBAHMEM FiOHOACCOLJkiAI@iOHHbIX 

ICOMIIJIEKCOB QEPPOEIHA C OPrAHBYECKBMB 
KPACBTEJIRMB: 

M. KNf%EK and M. MUSILOVA, Talanta, 1968, 15,479. 

Peamw--Onmmo mme~eme 1,2-EuxnopaTaHoM EloKoaccoqna- 
~HOHHMX KOMIUEKCOB Tp~1~(1,10-~e~aKTpoJIHx)HceJIe30(1I)-Ka- 
TEiOHa C MOHOCyJlb@HpOBaHHbJM a3OKpaCElTeJleM B KaqeCTBe 
BHHOK3. aTElM MeTOAOM IIOBbIJlKNTCR PYBCTBElTEUIbHOCTb KOJlOpli- 

M3TpMWCKOrO OIIp3~3iW!HHH ABJ’BLWWHTHOrO H(f?JI333 1,10-$WHHa- 

TPOJIEIHOM. 

IIPHMEHEHUE XElMHH 2-J(lm@EHEIJIAIJETEIJI-1,3- 
klHAAH)QIOHA B ti~EHTHtDI4KAqHkI 

OPI’AHki=IECKBX COEflBHEHB%i: 

W. A. MOSHER, I. S. BECHARA and E. J. POZIOMEK, Talanta, 1968,15, 
482. 

Pe3IOMI+-~IpOEf3BOAHbW 2-AH~eH~~~eTEm-l,3-EIHA~AKOHa OKa- 

33JlIlCb lIOJI33HbIM AJIR EA’3HTkI@EiK3lViH pHA3 @J’HKIVfOFI3JIbHblX 

FpyIIII B OPElKE14WKHX COe,WHeHEIHX; IlpHBeAeH 0630~ HX 
HCIIOJlb3OB3ldi B KEFECTB3HHOM 3RWIH33. 



SUMMARIES FOR CARD INDEXES 

Amplification reactions: R. BELCHER, Tulantu, 1968, 15, 357 (Depart- 
ment of Chemistry, University of Birmingham, Birmingham 15, U.K.) 

Sm-Amplification methods were tirst used over 100 years ago 
but the term only came into general usage during the development of 
microanalvtical techniaues. There has been a revived interest in 
ampl&&on methods during the last few years, for it has been realized 
that by their application to trace analysis, it is often possible to obtain 
mntsuallv me&e results. The amnlification methods available for 
various dations and anions are reviewed. 

Improved method for the simultaneous absorptiometric determination of 
cobalt and nickel with quinoxaline-2,34litbiodithiol: J. A. W. DALZIEL and 
A. K. SLAWINSKI, Tuhtu, 1968, 15, 367 (Department of Chemistry 
Chelsea College of Science and Technology, Manresa Road, London 
S.W.3.) 

Summa~-A new, more stable reagent, S-2-(3-mercaptoquinoxalinyl) 
thiuronium chloride (MQT), is proposed for the simultaneous ab- 
sorptiometric determination of cbb& and nickel. It is hydrolysed 
ranidlv to auinoxaline-2.3~dithiol (QDT) in ammonia buffer at DH 10. 
InA thi pre&nce of zinc&I), QDT ‘is stabilized by complex formation 
and the reagent blanks are reduced. Samples containing cobalt(R) 
and nickel(n) react with the mixture on warming to give 1:3 cobalt 
and 1:2 nickel complexes, with maximum absorbances at 472 and 520 
rnp respectively. The sensitivity of the method is high, 00017 and 
00029 up/cm2 for cobalt and nickel resuectivelv. and there is a 
sign&u? improvement in accuracy and precision, which is about 
-+ 1% over a 15fold change in cobalt to nickel ratio. The selectivity 
is moderate; Ag(I), Cu(II), Pd(II), Cd@), Hg(II), Sn(II), Pb(II), 
Bi(III) and R(IV) cause significant interference but most other common 
cations and anions can be tolerated. 



AHHOTaquH CTaTeR 

AMIIJIMQBKAqHOHHbIE PEAKqEIH: 

R. BELCHER, Tukmtu, 1968, 15, 357. 

P05Iolll~AMnnu~HKaqHoHHbIeMeTOAbIymeUCBOnbaOBaHnnepe~ 
100 rOAOB, HO TepMuH CT;LHOBEIJICR 06~enpmmrbIM TOJI~KO npsi 
paammm miKpo~amfTmecmix naeToaoB. 3a noc.uejqme r0~h1 
BOCCTaHOBJIeH UHTepec JJJIa ~MIIJIE$~K~UOHH~IX MeTO~OB,nOHH- 
M;LR =ITO, B UX IlpHMeHeHuu B CJIeJJOBOM ZiFIaJIEae, B MHOruX 
CJIy¶afIX yAaJlOCb IIOJIy¶uTb BaIdeYaTeJIbHO TOPHbIe PesyJIbTaTbI. 
npuBeAeH 06aop ElMelOIQuXCR aMlIJlu@fKaJJHOHHbIX MeTOAOB AJIH 
p"Ai3 KaTuOHOB u alDiOHOB. 

YJIY=IIUEHHbIm METOJJ OAHOBPEMEHHOI’O 
ABCOPBIJBOMETPIVIECKOI’O OIIPEAEJIEHBfi 

IEOBAJIbTA II HklKEJIR 
XMHOICCAJIBH-2,3-flHTHOJIOM: 

I. A. W. DALZIEL and A. K. SLAWINSKI, Tulu~tu, 1968, 15, 367. 

P0BIOM0-- B-2-(3- MepKallTOXuHOKCaJIuHHJI) TuypOHuyMXJIOpu~ 
(MXT) npeAnoxeK B KaqecTBe HOBO~O, 6onee ~CTO~WBO~O 
peareHTa AJIFI OAHOBpeMeHHOrO a6cop6quorueTpuYecKoro onpe- 
AeJIeHEHKO6aJIbTaHHuKeJIR. PeareHT6bz~p0ru~pOm8upyeTCi3 
B XUHOKWIUH-2,3-AUTEOZ (XAT) B aMMMa=lHOM 6yGepHoM 
pacTBope IIPE pH10. B IIpuCyTCTBuu IJEHKa(II) XJJT CTa- 
6umaupyeTc~ ObpaBOBaHueM KOMIIJleKCa, Il0JlyW.H CHuIKeHUe 
@oHapeareHTa. CoAepmaIo~EeKo6anbT(II)HHuKenb(II)npo6n 
pearupymT c cMecbm npu sarpesamu o6pasyR 1:3 KormxeKchI 
CKO6aJIbTOM,al:2KOM~~eKCbICHUKeJIeM,HMeH)~UeMaKCUMyMbI 
CBeTOIIOr~OIlJeHUH IIpU 472 U 520rnMK, COOTBeTCBeHHO. MeTOn 
o6nmaeT 5Ha¶HTeJIbHOti ~yBCTBEITeJIbHOCTbIO-d,0017MKr/CM2 
AJlH KOBaJIbTa, a 0,0029MKr/CM2 AJIH HUKeJllK-E BblCOKOti 
TOYHOCTbIO u BOCIIpOUsBOAUMOCTbIO-OKOJIO 1% B IIpeAenaX 15 
KpaTHOrOOTHOIUeHu~KO6aJIbT:HUKe~b.~B6upaTe~bHOCTbMeTO~a 
yMepeKKaK: Ag(I), Cu(II), Pd(II), Cd(II), Hg(II), Sn(II), 
Pb(II), Bi(III)u Pt(m) B~H~wIT~JI~HO~~M~~~BJIU~OTH~OII~~- 
AeJleHUe, HO 6OJIbIUUHCTBO ApyruX 06blKHOBeHHblX KaTuOHOB 
MoryT TepneTbcH. 
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Mass spectrometry of metal Chelates-III. Further studies on metal 
oxinates: J. R. MAJER, M. J. A. REALX and W. I. STEPHEN, Talanta, 
1968, 15, 373 (Department of Chemistry, University of Birmingham, 
P.O. Box 363, Edgbaston, Birmingham, 15, England.) 

S--The mass spectra of the oxinates of gallium, dysprosium, 
beryllium, samarium, cadmium, neodymium, indium, bismuth, 
lanthanum, yttrium and gadolinium have been recorded. The results 
have been correlated with the structures proposed in the literature. 
The integrated ion current method has been applied to determine 
submicrogram quantities of some of these compounds. Oxinates 
insoluble in organic solvents or undergoing reaction on solution were 
precipitated directly in the evaporation probe. The factors which 
determine the suitability of metal chelates for the estimation of metals 
by this method are discussed together with the instrumental factors 
which determine the ultimate sensitivity. 

Zur Polarograplde der n-Butylzlnncbloride: K. Issw, H. MAT- 
SCHINER und S. NAUMANN, Talanta, 1968,15,379 (Institut ffir Anorga- 
nische Chemie der Universitit Halle, &ale, Deutsche Demokratische 
Republik.) 

Stanmary-The determination of di-n-butyltin(IV) dichloride and tri- 
n-butyltin(IV) chloride in the presence of mono-n-butyltin(IV) tri- 
chloride with sodium diphenyldithiocarbamate by d.c. polarography is 
described. The investigations were made in solutions containing 5 % 
of sodium acetate trihydrate in methanol, which dissolves the drthio- 
carbamates of the di-n-butyl and tri-n-butyl compounds and shifts the 
reduction wave of the mono-n-butyl compound to more negative 
potentials. Within certain limits the wave height is proportional to the 
concentration. In a mixture of the organotin chlorides, mono-n- 
butyltin trichloride is determined complexometrically. Tetrabutyltin 
is practically insoluble in methanol and does not interfere in the 
determinations. 

Complexometric titration of calcium in the presence of larger amounts 
of magnesium: S. TSUN~GAI, M. NLS~MURA and S. NAKAYA, Talanta, 
1968,15,385 (Department of Chemistry, Faculty of Fisheries, Hokkaido 
University, Hakodate, Japan.) 

S--A simple and accurate titrimetric determination of calcium 
in the presence of larger amounts of magnesium is proposed. Calcium 
is extracted into a small volume of organic solvent as its glyoxal- 
bis(2-hydroxyanil) complex, and the calcium is titrated with EGTA. 
The end-point is sharp, and occurs when the red colour of the organic 
layer vanishes. This method has been successfully applied to the 
determination of calcium in sea-water with an error less than 0.1%. 



AHHOTFUVIH cTaTeii 

MACC-CIIEKTPOMETPUR XEJIATOB METAJIJIOB-III. 
AAJIbHEmIIIEE H3YYEHEIE OKCElHATOB 

METAJIJIOB : 

J. R. MAJER, M. J. A. READE and W. I. STEPHEN, Tuluntu, 1968,15,373 

PWIOMe--nOny=IeHbI MaCC-CIIeKTpbI OKCUAaTOB raJIJIUII, J(uCIIpO- 
8uR, BepUnnuH, CaMapI'W, KaAMuII, HeOAuMa, UHHUR, BUCMyTa, 
JIaHTaUa,uTTpUfiU ra~OJlUHuH. PeayJIbTaTJJ CpaBHeHhI C CTpyK- 
TypaMu lIpe@lOWeHHblMU B JIuTepaType. klCItOJIbt3OBaH MeTOA 
UHTerpupOBaHHOrO UOHHOrO TOKa AJIR OIIpeAeJIeHUFI Cy6naEKpO- 
rpaMMOBbIX KOJIu~eCTB HeKOTOpbIX US 3TUX COeAuHeHuk OKCU- 
HPTbI, HepaCTBOpuMbIe B OpraHEf¶eCKUX paCTBOpHTeJIRx UJIU 
pearupyIOQue IIpU paCTBOpeHUH OCaWAaJIu IIpRMO B BblIIapHOM 
BIIyCKe. O6Cyi-KAaH)TCn @aKTOpbI BJIuFIIO~ue Ha IIpUMeHUMOCTb 
XeJIaTOB MeTaJIJIOB B OIIpeAeJIeHuU MeTaJIJIOB BTUM MeTOAOM, Et 
uHCTpyMeHTa~bIIbIe~aKTOp~O~peAe~FI~~ue~peAeJIbHyH,¶yBCT- 
BUTeJIbHOCTb. 

l-IOJUIPOI’PA@BH XJIOPHflOB H- BYTBJIOJIOBA: 

K. ISSLEIFI, H. MATSCHINER und S. NAUMANN, Tuluntu, 1968,15,379. 

~e~IoM~~~C~OOUpe~eJreHUe~M-H-6yTu~OJIOBO(~)~uXJIOpu~a 
U Tpu-IF6yTuJIOJIOBO(~)XJlOpuAa B IIpuCyTCTBuu MOHO-Ii-6yTuJI- 
OJIOBO(~)TpuXJIOpu~a MeTOAOM IlOJIRpOrpa@UU IIOCTOJlHHbIM 
TOKOM C UCIIOJIbaOBaHUeM ~u$leHEJl~UTuOKap6aMuHaTa HaTpuR. 
i'iCCJIeAOBaHUJ3 IIpOBeJIOCb B paCTBOpZi COAep?KaIOIWX 6% TpU- 
ruApaTa aJJeTaTa HaTpUFI B MeTuJIOBOM CIIupTe, KOTOpbIlt paCT- 
BOpReT JJuTuOKap6aMuHaTbl AU-H-6yTuJl- U Tpu-H-6yTuJI-COeAU- 
HeHut u CABuraeT BOJIHy BOCCTaHOBJleHUR MOHO-W6yTMJlCOeAu- 
HeHuJ3K6oJIeeOTpu~aTeJIbHOMyHaIIpFI?KeHUIO. B OIIpeAeJ%'HHbIX 
IIpeAeJGE BbICOTa BOJIHbI IIpOIIOpqUOHaJIbHa KOHqeHTpaqUU. B 
CMeCU XJIOpUAOB OpraHOOJIOBa MOHO-H-6yTUJI-OJIOBOTpUXJIOpU~ 
Ol'IpeAeJIXJIU KOMlIJIeKCOHOMeTpUUeCKUM MeTOAOM. TeTpa6yTun 
OJIOBO BBJlReTCII IIpaKTU'IeCKU HepaCTBOpUMPM B MeTUJIOBOM 
cnupTeu Ke BnuneT Ha 0rrpeAeJreKUR. 

KOMl-IJIEKCOHOMETPINECKOE OIIPEAEJIEHBE 
KAJ-IbqHfI B I-IPBCYTCTBBB BOJIbUIHX 

KOJHNECTB MAI’HHR: 

S. TSUNOGAI, M. NI~HIMURA and S. NAKAYA, Tuluntu, 1968, 15, 385. 

PeWOMe--IlpeAJIO?KeH HeCJIOHtHbIii U TOsHbIti MeTOA TUTpUMeTpJd- 
qeCKOr0 OnpeAeneHus HanbIJus B II~UCYTCTBUH 6onbJnux KOJIU- 
geCTB M~~HuFI. KaJIbqut eKCTparupyIoT He6OJIbUIUM 06'beMOM 
opraaUsecKoropac~opuTena~~opMeeroKo~nneKcacr~uoKcaJr- 
6UC(%OKCH;LHUJIOM)U TUTpyIOT C WTA. OCTpblti KOHeq TUTpO- 
BaIiua$(OCTHrHyT KorAaUcnesaeT KpaCHaRoKpacKa opraHuueco- 
KOrO CJIOR. MeTOAOM yCIIeIJIH0 IIOJIbt?OBaJIUCb AJIJ? OlIpeAeJIeHHH 
KaJIbqURB MOpCKOti BOAe CoIIIu6KotiMeHbIUe~eM '&lx. 



Summaries for card indexes 

Polarographische Bestimmong des Schwefels in Benzin: H. HOLZAPFEL. 
und K. SCH~NE, Talu~tu, 1968, 15, 391 (Institut ftir Anorganische 
Chemie der Karl-Marx-Universitat, Leipxig, Deutsche Demokratische 
Republik.) 

Summary-The nolarogranhic determination of total sulphur, elemen- 
tal sulphur, hy&ogen s$hide, thiols, di- and polysulphides, thioethers 
and thiophenes in petrol is described. This method is applicable to the 
analysis of higher fractions, boiling below 250”. Besides the polaro- 
graphic measurements, voltammetric determinations and ampero- 
meiric titrations were carried out. After reduction to hydrogen sul- 
nhide. lO-‘o/, total sulnhur can be determined bv voltammetric 
hetermiuatioi The minimum determinable concentration of individual 
species is lo-*%. Accuracies of 5% are achieved. An analytical 
scheme is included. 

Polarographic microdetermination of halogens in organic compounds 
after o&en flask combustion: G. M. HABASIW, Y. A. GAWARGIOUS 
and B. N. FALTAOOS, Talanta, 1968,15,403 (National Research Centre, 
Dokki, Cairo, U.A.R.) 

Summary-A method for the microdetermination of organic compounds 
containing halogens, by a polarographic finish, is reported. After the 
combustion of the organic sample in the oxygen flask, the products are 
absorbed in a suitaae absorb&t and che&ally treated to produce 
Cl-. Br-. BrO.- or IO,- ions in solution before the DOkWO!TaDhV. The 
method is applicable tdpartially, highly, and fully hafiogem&d~&matic 
and aliphatic compounds, whether solid or liquid. The results are 
generally within the acceptable limits of error. 

Spot test for tbe detection of iodate in the presence of periodate. Appli- 
cation to the detection of uic-dihydroxy compounds: G. NISLI and 
A. TOWNWEND, Tukznta, 1968, 15, 411 (Chemistry Department, The 
University, P.O. Box 363, Birmingham 15, U.K.) 

SummarJr--Spot tests for the detection of 0.02 pg of iodate in the pre- 
sence of 45 mg of periodate, and for the detection of 0.1 pg of vic- 
dihydroxy compounds are described. The tests are based on the 
iodide-iodate reaction, in the presence of periodate masked by an 
excess of molybdate. 



AHHoTaunK CTaTeP 

l-IOJIHPO~PA@BYECKOE Ol-IPEjJEJIEHBE 
CEPbI B BEH3MHE: 

H. HOLZAPFEL und K. SCHWE, Tuhntu, 1968, 15, 391. 

PesmMc+OnmaHo nonsporpa#msecKoe onpegeneme o6qet 

cepu,aneMeHTapKoti cepbI, cepoBo~opo~a,~aonoB,mf- H nom- 

Cj'JIb+¶~OB, TKO3@pOB II THO$leHOB B 6emme. MeToR KpEMe- 
HHM& B 3Ii&'IIi3e BbICIIUiX @p3KIJEfi, KHIIHJJJHX HHH(e 260”. 
BMeCTO C IIOJIHpOrpa@M¶eCKlUdE El3MepeHHRMSi lIpOBOJJElJIHCb 
BonbTamepoMeTpnsecK~e 0npe~eJream u amepordeTpmecKKe 

TFfTpaIJKK. nOCJIe BOCCTaFiOBJfeHHH B COpOBOAOpOrS yJ@JIOCb 
OrIpeAenaTb 1O-4% o6qeZt CepbI BOJIbTaMIIOpOMeTpW-IeCKKM 
MeTOAOM. MElBKM3JIbHaJi OIIpeAeJIHMaR KOHlJeHTpaqEH HH,lJHBH- 
~anmoro Tma coeAmieKm cepbI paBHa 1O-8%. IIoJryseHbI 
TO~HOCTE~~%. IIpnBeAeHa cxeMaaaanuaa. 

IIOJIFIPOI’PA@I4YECKOE OHPEjJEJIEHBE 
I’AJIOI’EHOB HA MBKPOIIIEEAJIE B OPI’AHWIECKMX 

COEflHHEHWIX HOCJIE COX-WEHkIH B ICOJIBE, 
HAI-IOJIHEHHOM KBCJIOPOflOM: 

G. M. H~BASHY, Y. A. GAWARGIOUS and B. N. FALTAOOS, Tdanta, 
1968, 15,403. 

PB3IoMe--OKEC3HMKKpO-MeTOAO~peAe~eHIlHCOAep~3~~KXr~- 
0reI-m opram~ecKmc_coe~KIIeHHicmnonb3osaKneMnonsporpa- 

(PmecKoro (Pmmma. nome commemm opraHmecKoP rrpo6u B 
Koa6e Hanomemoli KE~CJIOPOAOM II~OAYKTE abcop6KpymTca B 

no~oAHIqeM a6cop6eHTe H 06pa6aTEBaIoTca XHMHUeCKu Am 

o6pasosams B pacmope EIOHOB Cl-, Br-, Br08- HJIEI IO,- 
nepejq nomporpa@wecKm 0npeAenemeM. MeTOAOM MO?KHO 

nonb3oBaTbcff B aKamiae napquramKo,~ar~~~~ mEi nom0 rano- 

reHnposaKKbIxapoMaTusecKHxtrnHaJIH~aTK¶ecKKxcoeAHKeAKB, 

B HUAOM HJIEl TBepAOM COCTORHKH. B 60JlblUPlHCTBe CJlJ'=laeB 
pe3yJlbT3TbIHaXOAHTCHBAOllJ'CTHMblX IIpeAeJIaX OIKK6KK. 

KAIIEJIbHAR IIPOBA AJIH OBHAPYmEHL?H 
HOAATA B IIPHCYTCTBBB HEPHOAATA. 

IIPHMEHEHHE HA OBHAPY3KEHtIE 
vie-A&IOKCHCOEJJBHEHH~: 

G. NISLI and A. TOWNSHBND, Tdantu, 1968, 15, 411. 

Pe3IOMB--@IKCaHbI K3lIeJIbHbIe 11po6n @'ifI 06BapyWeHKH 0,02 
MK~KOA~T~B~~HCYTCTBE~K~~M~~~~~~OA~T~,MA~HO~B~~~~~HUH 
0,1 MKI' ViC-AKOKCHCOeAKHeHEti. lIpo6n OCHOBbIBaIOTCR Ha 
pO3K~llHEIOAIIA-MOA3T,MBCKEIpOBBHHO~BBpHCYTCTBHII~OpHOA3T3 
K36bITKOM MOJlU6AaTa. 



Summaries for card indexes 

Use of lanthanmu and sulphnric acid to suppress interferences in the 
flame photometric determination of calcium in soil extracts: C. C. 
EVANS and H. M. G~HAW, Tahta, 1968, 15, 413 (Merlewood 
Research Station, The Nature Conservancy, Grangeover-Sands, 
Lancashire, U.K.) 

Summary_Interference by iron, aluminium and phosphate in the 
flame photometric determination of calcium in soil extracts is not 
fully suppressed by lanthanum unless dilute sulphuric acid is also 
present. The investigation was restricted to the oxyacetylene Same. 

The solubiity of lrC-labelled barium carbonate in aqueous systems: 
DAVID P. BACCANARI, BARBARA A. BUCKMAN, MARGUERITE M. YEVITZ 
and HOWARD A. SWAIN JR., Tahta, 1968, 15, 416 (Wilkes College 
Chemistry Department, Wilkes-Barre, Pennsylvania 18703, U.S.A.) 

Summary-The solubility of l~Glabelled barium carbonate has been 
determined in basic aqueous solutions with and without added Baa+ 
present and in aqueous solutions containing no added Ba*+ or OH- 
ions. By use of activity coefficients from the literature, Kar, has been 
determined to be 4.0 x lo-lo & 05 x lo-lo at 25”. 

Determination of sodium in high purity siliea by activation analysis: 
B. T. HENNA and F. J. CONRAD, Talanta, 1968, 15, 418 (Sandia 
Laboratory, Analytical Methods Division 1121, Albuquerque, New 
Mexico 87115, U.S.A.) 

Smnmary_-High purity fused silica samples and NBS standards were 
irradiated in the Sandia Reactor Facility for 2 hr at a thermal flux 
of lOlo neutrons/cm%/sec. r4Na was produced by the reaction asNa(n, 
y)*aNa (14.9 hr half-life, o = 05 barn), and decayed with emission 
of 1.37 and 2.75 MeV y-rays. With the stated flux and irradiation 
time, sodium at the 3 ppm level has been determined with a standard 
deviation of 0.2 ppm. Values obtained by thermal neutron-activation 
analysis agree well with results obtained by emission spectrography 
and flame spectrophotometric methods. 



. . . 
WI AmoTamm cTaTeii 

BCl-IOJIbBOBAHtiE JIAHTAHA M CEPHOm 
KHCJIOTbI AJIFi IIOAABJIEHEIH WIEMEHTOB 
BJIHHIQ4EIX HA OIIPEAEJIEHUE KAJIbuHH 

B BKCTPAKTAX HO9BbI METOAOM 
HJIAMEHHOm QOTOMETPBH: 

C. C. EVANS and H. M. GRIMSHAW, Z’alanta, 1968,15,413. 

Pemme-Bammie xeneaa, aJIH)MHHEH H @o@aTa Ha onpene- 
JIeHUe KaJIbqHR B OKCTpaKTaX IIOgBbI MeTOL[OM UJEUdeHHO8 
@OTOMeTpER He yCTpaHeR0 lIOJIHOCTbI0 ao6aBsneHKeM JIaATaFia 
eCJIH He IIpHCyTCTByeT pas6asneHHas CepH= KHCJIOTI. HCCJIe- 
AOBaAHe OrpaHkIWiBaJIOCb HaIIJIaMFI KECJIOpOH- WeTEJIeH. 

PACTBOPBMOCTb MEYEHHOI’O C “C 
KAPBOHATA BAPHR B BOAHbIX CLICTEMAX: 

DAVIDP.BACCANARI,BARBARAA.BUCKMAN,MARG~EZRRII M.YEWTZ 
and HOWARD A. SWAIN JR., Tulanlu, 1968, 15, 416. 

Pe%OM+PaCTBOpEMOCTb Me'IeHHOrO C 'W KapbOHaTa 6apEH 
0npeneJreHa B OCHOBH~M Bon~b~x pacTBopax B ~PECYT~TBHE H 
OTC~TCTBHE~H~~~ITK~B~~+R:BBO~H~IX~~CTBO~~XH~CO~~~HWO~E~ 
I~~~~~~OKEOHOBB&~+EJIH OH-. Ha OcxoBaHEK Koa@+r~aeHToB 
aKTHBHOCTE OnybnKKOBaHHbnr B JlnTepaType OIIpeAeJIeH K, 
4,0 x 10-10 & 0,6 + 10-10 IIPH 26O. 

PA~HOAKTBBA~BOHHB~ AHAJIMS: 
OIIPEflEJIEHHE HATPBH B BMCOKOWICTOTHOM 

KPEMHE : 
B. T. KENNA and F. J. CONRAD, Tulantu, 1968, 15, 418. 

PesIoiw-06paaqhI BbICOKOPECTOTHOrO IIIJIaBJIeHOrO KpeMHH E 
OTaxoHbINBS o6nyseHbx B C~HALIH peaKTope B TeqeBne 2r.n~~ 
TepM~recKov@uoKcelO1oHe$iTpoHoB(~~P)ceK. 06pasoBaB p4Na 
COrJIaCHO peaKnEE ‘*Na(n, Y)~‘N~ (14,fJ 9. nonynepEo& Q = 0,5 
6apH), K0~0pb1t pacnmancfl c BarnycKaJrKeM raMMa- nyYet 
aHeprEH 1,37 H 2,75Ma~. IIpEMeHHH ynordH~y~b&i +HOKC E 
BpeMH 06nyseHnH OlIpeAeJIHJIIl HaTpMfi UpH KOHqeHTpWHH 3 
MKr/r C CTaRAapTHOfi OIIlH6KOti 0,2MKr/r. PeayJIbTaTbI IlOZTy- 
SeHKHe M~TOAOM TepMEsecKoro He~TpOHHOaKTEB~EOKIiOrO 
aHaJISWa XOpOIJIO COrJIaIIIaIOTCFI C peayJIbTaTaMH IIOJIy=ieHHbIME 
MeTOAaME ~MHCCKOHH~ZI~ cneKTporpa@fE E nzaMenHoti CUeKTpO- 
(POTOMeTpEIH. 



SUMMARIES FOR CARD INDEXES 

The role of 70-W % perchloric acid as oxygen donor and the oxidation 
potentials made available: G. FREDERICK SMITH, Tufunta, 1968, 15, 
489 (Noyes Chemical Laboratories, University of Illinois, Urbana, 
Illinois, U.S.A.) 

Sunnna~-A study has been made of the probable oxidation potentials 
provided by perchloric acid in the concentration range 70-80%. The 
effect of acid concentration and temperature on the oxidation of 
chromium, vanadium, cerium, and manganese has been investigated. 
Available oxidation potentials appear to be 2.0-2.1 V or higher. The 
monohydrate of perchloric acid, HCIO,*HIO, containing 84.6% of 
perchloric acid, has been made commercially available and authorized 
for distribution by common carrier. It can be diluted to give acid 
concentrations from 73.6% (corresponding to HClO,*ZH,O) upwards. 
Perchloric acid mixed with sulphuric acid is equivalent to high con- 
centrations of perchloric acid and can be used for dissolution of ores 
and destruction of organic matter. 

Isolation of osmim and ruthenim by ion-exchange paper and subsequent 
determination by X-ray fluorescence: H. TAYLOR and F. E. BEAMR~H, 
TuZunta, 1968, 15, 497 (Department of Chemistry, University of 
Toronto, Toronto 5, Ontario, Canada.) 

Sunnnary_Quantitative separations of microgram quantities of 
osmium and ruthenium from large proportions of copper, iron and 
nickel were accomplished by the use of anionexchange paper. Accur- 
ate determinations of osmium and ruthenium were made by adaptation 
of X-ray fluorescence. Wet methods for the dissolution of the paper 
and exchanger and subsequent wet determinations of osmium and 
ruthenium are discussed. 

Metal chelate exchange in the organic phase-II. Extraction and 
exchange constants of ditbizonates and diethyldithiocarbamates: J&l 
STAR* and JAROM~R RMICKA, Tuhntu, 1968, 15, 505 (Department of 
Nuclear Chemistry, Faculty of Technical and Nuclear Physics, Prague 
1, Btehovb 7, Czechoslovakia.) 

Snmmary_Dithizonates and diethyldithiocarbamates of Ag, Tl(I), 
Cu(II), Zn, Cd, Hg(II), Pb, Fe(II), Co(E), Ni, Pd(II), In(III), As(III), 
Sb(III), Bi, Se(IV) and Te(IV) have been prepared and their reactions 
in carbon tetrachloride have been studied spectrophotometrically. 
From the exchange constants determined, the extraction constants of 
metal diethyldithiocarbamates have been calculated. Where formation 
of mixed chelates has been observed, corresponding exchange constants 
have been determined. Finally, the influence of organic solvents 
(CC&, CHCl*, C,H, and C*H,Cl) on the exchange reaction of zinc 
diethyldithiocarbamate with dithizone has been investigated. 

i 



ii ABHoTaqEI&i cTaTet 

POJIb 70-80x XJIOPHOm ICBCJIOTbI ICAK AAPBTEJIH 
HllCJIOPO,I&A &I AOCTYIIHbIE IIOTEHqHAJIbI 

OICHCJIEHI,IH : 
G. FREDERICK SMITH, Tahta, 1968, 15, 489. 

Pemmt+-llayqeHn BoaMolfCHbIe noTeaqnanu 0KncJIeHnq nony- 
Yaemre XJI~~HO~~ KI~CJI~TO~~ B npegenax KoHqempaqm 70-80 %. 
klccnenoBaK0 BnMIIHIle KoHQeHTpalIIllr KElCJIOTbI Ii TeMnepaTypbl 
~aoK~cneH~expoMa,BaH~~rr,qep~s MMapraHaa. AOCTyHHbIe 
nOTeHIjElaJIbI OKIICJIeHIIfl OKaWIBaJOTCH 2,0-2,1 B ElJIH BbIIIIe. 
MoHorH~paTxnop~oB~n~n~~bI, HCIO,*H,O, coaep)Kan@ 84,6x 
xnopaoti KEICJIOT~I, ~~c~yn~b&i ToproBne a TaKme oAo6peHo ero 
pacnpeAeneHlleHOpMaJIbHbIMnepeBO30M. EeMOmHOpas6aBnaTb 
YTO6bI nOJIy=IHTb KOHqeIITpaQllH 73,6x (COOTBeTCTByeT HC&O- 
2HaO) M BbIIIIe. CMeCb XJIOpHOi H CepHOa KPICJIOT OTBeTCTByeT 
B~ICOKHM KoHqeHTpaqtlsM xnop~ot KncjI0~bI Ii etf MO~HO nonb- 
BOBaTbCFl @In paCTBOpeHHR pyn II pa8OpeHHR OpraHWIecKHX 

BeIQeCTB. 

BbIAEJIEHHE OCMMH EI PYTEHEIH HA 
BOHOOBMEHHOm BYMAI’E El&IX 

HOCJIEAOBATEJIbHOE OI-IPEAEJIEHBE METOAOM 
PEHTI’EHOBCKOrO QJIYOPECYEHTHOI’O 

AHAJIBBA: 

H. TAYLOR and F. E. BEAMISH, Talanta, 1968, 15, 497. 

Pe3IOM&--KOnWIeCTBeHHOe OTAeJIeHHe MHKpOrpaMMOBbIX KOJIEI- 
YeCTB OCMHFI II pyTeHVrR OT 6onbnrIlx KOJIEI'4eCTB MeW, H(eJIe3a II 
HIIKeJIfi nony=IeHo HCnOJIb30BaHEleM aHUOHOO6MeHIlOh 6yMarbI. 
TouHbIe 0npeaeneHaH OCMHFI II pyTeHIlR npoBeneHbI MCTOAOM 
peHTreHoBcKoro@ryopec~eHTHoroaHan~3a. 06CymHeHbIMeTOAbI 
~JIR~~CTBO~~HHFI~~M~~~~EIOH~~~M~HH~IK~O~OCJI~~OB~T~JI~HO~O 
0npeaeneHnH oc~~flEipyTeKw10Kpbn4 nyTeh5. 

OBMEH XEJIATOB METAJIJIOB B OPI’AHWIECHOfl 
@A3E-II. KOHCTAHTbI 3)ECTPAHqklH &I OBMEHA 

ABTB30HATOB B QK3TIUIAHTHOHAP BAMHHATOB: 

J& STAR+ and JAROM~R RPIZI~KA, Talanta, 1968, 15, 505. 

Pe3IoMe---npllrOTOBneHU AIlTElBOHaTbI PI AHaTWI~nTnOKap6aMH- 
HaTbIAg,Tl(I), Cu(II), Zn,Cd, Hg(II), Pb,Fe(II), Co(II),Ni, 
Pd(II), In(III), As(III), Sb(III), Bi, Se(IV) II Te(IV) M HsyseHH 
HX peaqm B TeTpaXJlOpMeTaHe CneKTpO@OTOMeTlWIeCKHM 
MeTOAOM. HaOCHOBeOnpe~eneHH~XKOHCTaHTO6MeHaBbIs~CneHn 
KOHCTaHTbl 3KCTpaKqlllZ ~~3TWl~~TIlOKap6aMHHaTOB MeTaJlJlOB. 
B CJIy4ae 06pa3oBaHnR CMeIIIaHHbIX XeJIaTOB OnpeAeJreHbI COOT- 
BeTCByIoIlrlleKOHCTaHTbI06MeHa.~OHe9HO,llCCJIeAOBaHOBnllFIHIle 
opraHHsecKHx pacTBoptlTeneti (Ccl.,, CHCl,,CIHG M C,H,CI)H~ 
peaKqllI0 06MeHa~I4aT~JI~IITHOKap6aM~HaTa~MHKaC~~TLI8OHOM. 



Summaries for card indexes 

Metal ion separations using cellulose phosphate as an ion-exchanger: 
DONALD H. Scn~rrr and JAMES S. FRITZ, T&&z, 1968, 15, 515 
(Institute for Atomic Research and Department of Chemistry, Iowa 
State University, Ames, Iowa, U.S.A.) 

Snmma~-Cellulose phosphate is used as a chelating ion-exchanger 
to effect the separation of several metal ions. Its exchange rate is much 
more rapid than that of a chelating ion-exchanger containing phosphonic 
acid groups on a polystyrene matrix. Weight distribution coefficients 
as a function of hydrogen ion concentration on cellulose phosphate 
are given for several metal ions. Successful separations of rare earths 
and alkaline earths, alkaline earths and alkali metals and aluminium 
and alkaline earths have been achieved on cellulose phosphate columns. 

Spectrophotometric study of the reaction of iron(III) with Methylthymol 
Blue: Roars~~v KARADAKOV, DONKA KAIWCHEVA and PETRANA 
NENOVA, Tuluntu, 1968,15,525 (Department of Analytical Chemistry, 
Higher Institute of Chemical Technology and Metallurgy, Darvenitza, 
Sofia, Bulgaria.) 

Snmmary-The reaction between iron(II1) and Methylthymol Blue 
(MTB or H,A) has been investigated by spectrophotometry. It has 
been established that iron(II1) and MTB form two complexes with 
compositions iron(II1): MTB = 1: 1 and 1: 2. The 1: 1 complex is 
stable in acidic medium containing excess of iron, and the 1: 2 complex 
is stable in slightly acidic or alkaline media containing excess of MTB. 
The absorption maxima are at 61Om,u (1:l) and 515 rnp (1:2), the 
molar absorptivities being 1.73 rt 0.01 x 10’ and 3.21 f 0.05 x lOa 
respectively. The nature of the two complexes at pH 6 and the stability 
constants have been determined: log PI1 = 20.56 & 0.07, log pllB = 
43.29 + 0.09, log /I1a = 666 f 0.05. 

Catalytic microdetermination of chromimn(VI): T. P. HADJIIOANNOU, 
Tuluntu, 1968,15,535 (Laboratory of Analytical Chemistry, University 
of Athens, Athens, Greece.) 

Snmma~-An automatic spectrophotometric kinetic method for the 
microdetermination of chromium(V1) is described, based on catalysis 
of the hydrogen peroxide-iodide reaction. The time required for the 
reaction to produce a small fixed amount of tri-iodide is measured 
automatically, and is proportional to the chromium(VI) concentration. 
Maximum tolerable amounts of various interfering ions were investi- 
gated. From 0.6 to 3.0 fig of chromium(V1) can be determined with 
relative errors of l-2%, with measuring times of 10-50 sec. 



AHHOT~IWU eTaTen 

PA3AEJIEHklE HOHOB METAJIJIOB C 
BClIOJIb30BAHBEM @OC@ATA ~EJIJIIOJI03bI 

B KAYECTBE BOHOOBMEHHBKA: 

DONALD H. Scmm and J- S. FRITZ, Tdantu, 1968, 15, 515. 

PeaIoMe--~oc@aToM qennxonoabI lIOJIb8OBaJIuCb B Ka9ecTBe 
xenupyIoqerouoHoo6MeHHuKa~nspas~eneHuHHeKoTopblxu0~0K 
MeTaJIJlOB. CKOpOCTbo6MeHa~Ha¶uTeJlbHO6McTpee~eMBCJIy¶ae 
xenupylorqero uOH006MeHHuKa, CoAepmarqero rpynnb~ +OC+O- 
KuCJfOTbl Ha MaTpulJe lIOSluCTupOna. npuBeAeH3.d BeCOBbIe 
Ko8@#iqueHTbI pacnpeneseHuH Ha @oc@aTe qennIonoabI AjIa 
HeKOTOpbIX UOHOB MeT%'IJIOB B SaBuCuMOCTu OT KOHqeHTpaLWi 
BoAopoA~b~xuoHoB. IIonyseHbIycneluHbIe pasAeneHuspeAKoae- 
MeJIbHbIX WIeMeUTOB u JI@IO'JHO'deMeZbHbIX WIeMeHTOB, II&IO- 
9HOSeMeJIbHbIXLWeMeHTOB u IQ&l0WIkJXMeTaJlJIOB u PJIIOMUHUR u 
qe~o~Ho8eMenbHbIxa~eMeHToBHa~0n0~~ax(Poc~aTa qennronbI. 

kI3Y=IEHME CHEKTPOQOTOMETPWIECKMM 
METOAOM PEAKqMEl 3fCEJIE3A(III) C 

METBJITBMOJIOBbIM CHHLIM: 

BORISLAV KARADAKOV, DONKA KANTCHEVA and PETRANA NENOVA, 
Talanta, 1968,15,525. 

Pe~~nl~~C~e~OBaHaC~eKTpO~OTOMeTpu~eCKuMMeTO~OMpeaK- 
IIUH menesafIII)u MeTunTunfoxoBoro ronv6oro MTC UJIH H.A). 
3iCTaHOBJIeHb~TbmeJle3O(I1I)obpa&?yeTC'MTCABa KOMlIJIeKiak 
OTHOIIIeHuu meJIeaO(III): hfTC = 1~1 u 1:2. HOMIIJIeKC 1:1 
RBJIHeTCR yCT0fiWfBbIM B KuCJIbIX CpeAaX COAep%a~uX u86bITOK 
meaesa, a KOMnneKC 1:2 yCTO&uBb~fi B cna6oKucnbIx UJIU 
qeaoqanx cpenax CoAepm~Iwix u86bITOK MTC. MaKCuMyMhI 
CBeTOlIOrJIOIJJeHuHHaXO~FITCHIIpu610 MMK(1:1)u 616MMK(1:2), 
a MOJIfSpHbJe UornoweHuH paBHbI 1,73 f 0,Ol x 104 II 3,21 f 
0,05 f lo*, COOTBeTCBeHHO. OIIpeAeJIeHbI XapaKTepucTuKu KOM- 
nJIeKCOB IIpU pH6 U UX KOHCTaHTbI YCTOtiWiBOCTU: log pip = 
20,56 & 0,07,logj3,,, = 43,29 f 0,09, alog & = 6,66 f 0,05. 

MMKPOOrIPEfiEJIEHBE XPOMA(VI) 
KATAJIBTIViECKMM METOAOM: 

T. P. HALNIIOANNOU, TuZuntu, 1968,15,535. 

PesIOMe-OIIUCaH aBTOMaTuYeCKufd CIIeKTpO~OTOMeTpUYeCKuti 
KuHeTWieCKuti MeTOA MUKpOOIIpeAeJIeHUR XpOMa(VI), OCHOBM- 
aaro~~@cs Ha KaTanuae peaKquu KepeKucu BoAopona c ~10x0~. 
ABTOMaTU4eCKU OIlpeneJIeEiO BpeMu IIOTpe6HO ,QJIH o6paaoBaHua 
He6OJIbluerO KOJfU'feCTBa TpuuOfiUAa BTOti peaKtqUe2t; EJTO BpeMH 
llpOuOp~UOHaJlbH0 KOHlJeHTpaquu XpOMa(VI). OnpeAeneHbI 
MaKCUManbHbIe TeplIUMbIe KOJIWieCTBa paELJIuqHbIX MemaIOIIJUX 
uOHOB. BTUM MeTonoM onpeneneH0 0,6 ~0 3,0 MKr xpoMa(IV), c 
OTHOCuTeJIbHOti OIIIu6KOti 1-2x, a BpeMeHeM U3MepeHUH 10-50 
CeK. 



Summaries for card indexes V 

Radiochemische Tremmagen mit Hilfe der Riagofeamethod~lE Die 
Systeme o”Sr/BOY und 140J3a/140La: D. KLOCKOW, Tulantu, 1968, 15, 
541 (Chemisches Laboratorium der Universitgt Freiburg i. Br., 
Analytiscbe Abteilung, Bundesrepublik Deutschland.) 

S--Rapid separations of O”Y from B”Sr and of lroLa from lroBa 
on carboxymethylcellulose filter papers by the ring-oven technique are 
described. Highest yields (> 99 % for B0Y and 90% for l@La) and 
decontamination factors (5 x lOa-IO* for OOY and lo8 for lpoLa) 
are obtained by using EDTA as complexing agent and water for 
washing. The half-lives of the daughter-nuclides were found to be 
64.7 f 0.3 hr and 40.5 f 0.2 hr for “OY and for lroLa respectively. 
*OY can be selectively separated with 85-90 ‘4 efficiency from a mixture 
of all four nuclides using a 1% solution of hydroxyisobutyric acid at 
pH 4.8 as eluent. 

Simple aad rapid determination of mercury in urine aad tissues by isotope 
excbaage: T. W. CLARKSON and M. R. GREENWOOD, Talantu, 1968, 
15, 547 (Department of Radiation Biology and Biophysics, Atomic 
Energy Project, University of Rochester School of Medicine and 
Dentistry, Rochester, New York 14620, U.S.A.) 

Summary-The method eliminates oxidation of organic material. 
Tracer quantities of *O*Hg are added to the sample and equilibrated 
with the stable mercury. *O”Hg vapor in nitrogen is passed through the 
sample in the presence of cysteine and at pH 7.4, and exchanges with 
the *OsHg. T’he vapor is collected in a tube of activated Hopcalite 
placed in a gamma-counter. The increasing activity is recorded and 
the half-time of exchange is directly proportional to the mercury 
concentration in the sample. The method is best suited for urine 
samples containing more than 10 rug Hg/l. 

Adsorption of cldoro-complexes of the first row transition elements by 
Dowex A-l: D. G. BIRNEY, W. E. BLAKE, P. R. MELDRUM and M. E. 
PEACH, Tufunta, 1968, 15, 557 (Department of Chemistry, University 
of Technology, Loughborough, U.K.) 

Summary-A study has been made of the adsorption of chloro- 
complexes of the first row transition metals by the chelating resin 
Dowex A-l, and possible mechanisms for adsorption have been 
reviewed. Relative adsorption follows the series Zn(I1) > Co(H) = 
Fe(III) > Cu(I1) > Mn(I1). Negligible adsorption occurred with 
Cr(II1) and none with V(IV) and Ni(II). Maximum adsorption of 
Zn(II) occurred from 3M hydrochloric acid and for the other metals 
from 8M acid. 



AHHOT~~EE~ CTaTet 

PAAHOXBMB=IECKBE PA3AEJIEHBR HOMOqbIO 
METOAA ICOJIbIJEBO$i I-IEYL/I-III. CIlCTEMbI 

o”Sr/sOY ICI 1roBa/140La: 

D. KLOCKOW, Tulantu, 1968, 15, 541. 

Pea~om+Onnca~~o 6bwrpoe pa8AeneHsie O”Y OT 9oSr H laoLa OT 
14eBaHa @lUIbTpOBaJlbHOti 6yMareHa Kap60KCHMeTKJnjennIonoabI 
MeTO~OMKOJIb~eBOfiIIe9H. Hatnysnniesnxo~qna (>99%~~&"Y 
H99%~~~140La)EI~aKTOp~~eKOHTaMIIH;UIEIEI(6 X 193-104~JIRDoY 
Ei lo3 AJIR 14'La) nOJIyqeHbI EICIIOJIb8OBaHEleM BnTA B KageCTBe 
KoMnneKcooGpaayIoqero ~~~AT~KBoAKAJIII~~~M~IBKK. llepnoa 
nonypacna~aAO~epHbIX HyKJlHAOBpaBHbl64,7 f 0,3%H40,5 * 
0,24.AJUIgOYHAJlH 140La,cooTBeTCTBeHH0. soY MOSKHOBhIAenRT 
C~~~KTE~BHO~B~XO~OM~~-~~~~~~M~~HB~~~~~T~I~~~H~K~H~OB 
lIOJlb8yfiCb I%-TAbIM paCTBOpOM OKCE'iM8OMaCJlFIHOfi KIlCJlOTbI B 
KagecTBe xnoewra np~ pH 4,s. 

HECJIOXHOE M BbICTPOE OIIPEflEJIEHBE 
PTYTH B MO=IE B TICAHHX METOAOM 

OBMEHA HSOTOI-IOB : 
T. W. CLARKSON and M. R. GREENWOOD, Tuluntu, 1968,15, 547. 

~e3IoM~~eTO~KcK~~¶aeToKHc~eHIleopraHEl¶ecKoroBe~ecTBa. 
Hpo6n AO6aBJIsIOT MHAUKaTOpHhle KOJIElYeCTBa eosHg II ypaBHO- 
BeIIIIIBaKJT C YCTOltfqllBOlt pTyTbI0. napbI *O"Hg B a8OTe IIpOIIyC- 
KaIOTqepe8paCTBOp npo61~ BlIpKCyTCTBllliqMCTeHHaIIpHpH7,4 
HO~M~HJ~H)TC~~~H~. ~apbICO6KpaIOTBTpy6KeM8aKTEZBHpOBaH- 
Hero HOllKaJlEITa, CMelqeHHOti B raMMa-Cqi?TqHKe. 3anncaHo 
~OBbIIIIeHHeaKTHBHOCTII,a~O~y~epHO~o6MeHa~pO~Op~HOHa~eH 
KOHqeHTp;UIHEi pTyTH B npo6e. MeTOn OUeHb IIOJIe8HbIti Ai'lR 
aHaJnf8anpo6~osbI coAepHtaqnx 6onbme 9eM lO~~r/nHg. 

AACOPBIJHR XJIOPKOMHJIEKCOB IIEPEXOfiHbIX 
BJIEMEHTOB HEPBOI’O PHflA HA CMOJIE 

aAYEKC A-I 

D. G. BIRNEY, W. E. BLAKE,~. R. MEWRUM and M. E. PEACH, 
TuZuntu, 1968, 15, 557. 

Pesmnw-IfisyseHa ap;cop6sufl XJIOpKOMIlJIeKCOB nepexoAKbIx 
8JIeMeHTOB nepBor0 pffga Ha XeJIaTOO6pa8ylolqeti CMOJIe AayeKc 
A-I, El o6cvHcaeHbI BO8MORCHble MeXaHH8MbI 8TOti ancoD6uHH. 
OTHbCEITeJrbiIai agcop6qzw CneAyeT puny Zn(II) >‘Cc$I) = 
F&III) S CuKl2 > MnKC). @(III) aIICOD6HDOBaJICR B Hea- 
H&Te;fiHOti ‘Mipe, ~ ' ~ ' " - a a V(IV) II Ni(I1) He ~cop6sipoBanw2b. 
MaKCMManbHaR aAcop6qnfl Zn(II)O6HapyHteHa 118 3M COJIRHO~~~ 
KHCJIOTbI,aOCTaJlbHbIXMeTaJIJIOE+-x8 8M KMCJIOT~I. 
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Micro and semi-micro determk tion of organic nitrogen by ase of 
potassium bromate: MOHAMMAD ASHRAF, M. A. SJDDIQUI and M. K. 
BHATTY, Tulantu, 1968,15,559 (West Regional Laboratories, C.S.I.R., 
Lahore, Pakistan.) 

Summary-After Kjeldahl digestion of an organic compound, nitrogen 
is determined by oxidation of the resultant ammonium sulphate with 
hypobromite produced in situ by the addition of an excess of potassium 
bromate and bromide in a special flask. The unreacted potassium 
bromate is determined iodometrically. 

The 1: 3 aranimno-&bydroxyqoinoline compound: its composition 
and thermal conversion into his@-hydroxyquinolinato)dioxoaranimn(VI) 
A. CORsINI and J. ABRAHAM, Tuluntu, 1968, 15, 562 (Department of 
Chemistry, McMaster University, Hamilton, Ontario, Canada.) 

Summary-Evidence is provided to show that in the red compound 
formed between uranium(VI) and I-hydroxyquinoline, the ligand-to- 
uranium ratio is slightly lower than 3: 1, at least when the compound 
is prepared by a widely accepted procedure. Competition between 
I-hydroxyquinoline and other ligands such as water or ammonia is 
probably responsible for the non-stoichiometry. Further, it is shown 
that a procedure frequently used for the thermal conversion of the red 
compound into bis(8-hydroxyquinolinato)dioxouranium(VI) yields a 
compound in which the ligand-to-uranium ratio is less than 2: 1. 
Conditions which lead to the thermal preparation of the stoichiometric 
bis compound are described. 

Application of electroluminescence techniques to the determination of 
aromatic hydrocarbons: B. FLEET, G. F. KIRKBRIGHT and C. J. 
PICKFORD, Tulantu, 1968, 15, 566 (Chemistry Department, Imperial 
College, London, S.W.7.) 

Summary-An account is given of the quantitative determination of 
certain fused-ring aromatic hydrocarbons by means of the electro- 
luminescence induced by application of a small a.c. voltage to inert 
electrodes placed in a solution of the hydrocarbon in dimethylformamide. 



ihioTaqKn CTaTei 

MEIHPO-M CEMBMMKPOMETOfl OIIPEAEJIEHBSI 
OPl?AHWIECKOI'O A30TA C kiCIIOJIb30BAHI4EM 

BPOMATA KAJIHR: 

MOHAMMADASHRAF,M.A. SIDDIQUI and M. K. BHATIY, Talanta, 
1968, 15, 559. 

Peamw-rIowe ~mepKposaKKs opraKmecKor0 coenxfHeHKrr 
MeTOnOM KbeJIbAaJIH aLtOT OIIpe~eJIHIOT OKElCJIeHKeM o6paaoBaw 
HOrO CyJSbf$aTa PMMOHMH IlpOHaBeAeHHbIM in siturHIlO6POMHTOM; 
OH IIOJIy=iaeTCK ~ObaBneHneM paCTBOpy Ha6brrKa 6poMaTa Ei 
6pohuiAa KamK B CneqnanbKoti Kon6e. HepearspoBaKmt 
6poMaTKanm OIIpe~eJlRIOTMO~OMeTpWfeCKtIM MeTOAOM. 

COE@HEHME YPAHA(V1) C 8-OKCBXBHOJIBHOM 
B OTHOIIIEHklH 1:3:EI'O COCTAB EI KOHBEPCZW 
B BIW&3-OECCHXI4HOJItiHATO)flIcIOKCMYPAH(VI): 

A.Coxmr and J.ABRAIWM, Talanta, 1968, 15, 562. 

PeB@MI+-np&iBeAeHbl LIKCIIepHMeHTaJIbHbIe AaHHhIe IIOKaLUdBLLH)- 
IqHe 9TO 06paaOBaHHOeIi3 ypaKa(VI)E 8-OKCKXSiHOnKHaKpaCHOe 
CoeAIlHeHMe HMeeT OTHOUIeHHe nmama K ypaHy KeMKoro HEime 
¶eM 3: 1 ,IIO KpafiHeti MepeB CJIy~aeIIpIirOTOBJIeHH~COe@fHeHIlR 
CJIeAyR IIIHpOKO IIpHHRTyH) IIpOqeJQ'py. HeCTeXKOMeTpH'ZeCKOe 
OTHOIJIeHHe MOZ-KHO WIiTaTb peayJIbTaTOM COpeBHOBaHEIH MemW 
JlElraH~aMK,TaKElMHKaKBO~aIIJlHatdMEIaK. ~pOMeTOrOl.IOKa~aIiO 
9TO YaCTO EClIOJlb8OBaIiH~ IIpOqeAypa AJIR TepMHqeCKOt KOH- 
Bepcm KpacHoro CoeAHHeHm B 6nC(8-oKCUXKHonmiaT0) WO- 
KcnypaK(VI) AaeT coeAKHeHne memqee 0TKomeKKe mirawa K 
ypaHy MeHblneseM 2 :I. hmXHbI yCJIOBKKAJfHIIpHrOTOBJIeHS¶R 
CTOXHOMeTpWJeCKOrO 6EIC-COeAUHeHKR TepM4eCKMM KyTeM. 

lTPHMEHElE METOAOB 3JIEECTPOJIIoMkiHECqEHqMH 
B OHPEJIEJIEHBB APOMATBYECKBX JII‘JIEBOJIOP- 

OJIOB: 

B. FLEET, G. F. KIRKBRIGHT and C. J. PICKFORD, Talanta, 1968, 
15, 566. 

Pe~IoMe-~aCCMOTpeHOKO~kI~eCTBeHHOeO~pe~e~eHEleHeI~OTOp~X 
apOMaTU¶eCKHX yrJleBo~OpO~OB ~MeIO~HX KOHAeHCEIpOBaHHHble 
RApa MeTOAOM aneKTpOngMRHeCqeHqHH, BbIEBaHHOti l-IpKKJIaJV+ 
BaHHeMHe6oJrb~eroKOTeH~Ha~a~epeMeHHOrOTOKaKHHepTHbIME 
~~eKTpO~~MH,~OMe~eHHbIMIlBpaCTBOpyrJIeBO~OpO~aB~UMeTH~- 
@OpMaMHAe. 



Summaries for card indexes ix 

Spectrotluorimetric determination of microgram amounts of lead: G. F. 
KIRKBRIGHT and C. G. SAW, Talanta, 1968, 15, 570 (Chemistry 
Department, Imperial College, London, S.W.7.) 

Summary-The violet fluorescence at 480 rnp of lead in concentrated 
hydrochloric acid-potassium chloride solution (excitation maximum 
270 rn,u) provides a method for the spectrofluorimetric determination 
of IO-60 pg of lead. The optimum conditions for the determination 
have been established, and the effect of 31 foreign ions examined 
at the 50-fold molar excess level. The interference from iron(IU) and 
vanadium(V) is eliminated by addition of tin@) chloride, and that of 
chromium(VI) by treatment with sodium sulphite. 

Determination of copper in geological material by neutron activation and 
gamma-gamma coincidence spectrometry: 0. B. MICHELSEN and E. 
STEINNES, Tulanru, 1968, 15, 574 (Institutt for Atomenergi, Kjeller, 
Norway.) 

Summary-The copper content of some geological samples has been 
determined by thermal neutron activation and subsequent coincidence 
gamma-spectrometry, taking advantage of the 180” annihilation quanta 
of %u. By this means the interference of r4Na, which is often the major 
gamma-activity induced in geological materials, is greatly reduced. 
The method is precise to about i-5 %, and the error is of the same order. 
The method should be especially attractive for application to samples 
with a copper content of 100-1000 ppm. 

Kinetic titration with differential thermometric detennlnation of the 
end-point: I. SAJ~, Talanra, 1968, 15, 578 (Iron and Steel Research 
Institute, Budapest, Hungary.) 

Summary-A method has been described for the determination of 
concentrations below 10-‘&f by applying catalytic reactions and 
using thermometric end-point determination. A reference solution, 
identical with the sample solution except for catalyst, is titrated with 
catalyst solution until the rates of reaction become the same, as shown 
by a null deflection on a galvanometer connected via bridge circuits 
to two opposed thermistors placed in the solutions. 



AEHOTaqHM CTaTeti 

CflEKTPOWIYOPOMETPBYECKOE OIIPEAEJIEHBE 
MBKPOI'PAMMOBbIX KOJIWIECTB CBLIHqA: 

G.F.KIRKBRIGHT and C. G. SAW, T&m, 1968, 15, 570. 

Pe3IoMe--@HOJIeTOBaR @JIyOpeCqeHIJHcI CBllHIJa B paCTBOpe 
KOHIJeATpHpOBaHAOti COJlHHOti KHCJIOTbI Ei XJlOpHAa KaJlElH npH 
480 MMK (MaKCHMyM Bos6ymxeHHH 270 MMK)COCTaBJlReT OCHOBy 
MeTOAa AJIH ClleKTpO+IyOpOMeTpU~eCKOrO OllpeAeJIeHHFl CBIiHqa 
B npenezax 1043Om~r. OnpeAeneHbI 0UTnManbHbIe ycnoarw 
0npegeneHsiR kI HayseHo BJIHRHHe 31 110c~opoKKbIx HOHOB B 50- 
K~~THOMMOJIFI~HOMH~~~ITK~. Bnn~HHemeneaa(III)HBaHaAHllr(V) 
llCK~Io¶eHO~o6aBKO~X~OpM~aO~OBa(~~),aB~HHHHeXpOMa(~~ 
o6pa6oTKoti CyaIb@EITOM HaTpHFI. 

OnPEfiEJIEH%,iE MEAM B I'EOJIOI'WIECKIJX 
BEUECTBAX METOJ(AMI4 HEmTPOHHOn 

AICTHBALJ&ill ki UIEKTPOMETPI4B I'AMMA-I'AMMA 
KOl,IHqLJAEHIJIJH: 

0. B. MICHELSEN and E. STEINNES, Tulantu, 1968, 15, 574. 

Pe3Iom~Co~epHtaK~e~e~~KeKo~opbIxreo~or~~ecK~xo6pa3qe~ 
OIlpeAeneHO MeTOAOM aKTElBaq%iH TepMH=leCKaMEl HeiTpOHaMH EI 
IIOCJleJ$yIoIQeti ClleKTpOMeTpHH raMMa-KOHHqkIAeHqlll, BOClIOJIb- 
SOBaRCb KBaHTaMIl yHH=iTO?KeHHH Ifpll 180°6'cU. BTEIM 06pa3oM 
CHIVKeHO B 'dHaWITeJIbHOti Mepe BJIHHHEle *INa, HBJIFIIOIQeeCH 
=IaCTO rJlaBHOti raMMa aKTHBHOCTB, HHAylJHpOBaHHOt B reOJIO- 
rn9ecKEix BeuecBTax. TOsHOCTb MeTOna OKOJIO 5%, a omn6Ka 
BTOfi We BeJIEIYHHbI. MeTog HBJIfleTCR O'IeAb IIO3Ie3HbIM AJIfl 
o6pa3~eB,co~epmam~~x100-1000 MKr/r MenH. 

KBHETBYECKAJI TI/ITPAqBfI C ABWDEPEHIJBAJIb- 
HbIM TEPMOMETPWIECKBM OIIPEAEJIEHBEM 

ICOHqA THTPOBAHBR: 

I. SAJ~, Tahta, 1968, 15, 578. 

PeLUOMC!--OlDfCaH MeTOn AJIR OIIpeAeJIoHMR KOHIJeHTpaIV'Ifi HHlKe 
YeM lO-4&f, l=lOJlbayHCb KaTaJlMTHYeCKHMH peaKqHHMZ5 H TepMO- 
MeTpWeCKMM OllpeAeJleHEieM KOHqa THTpOBaHIIR. aTaJlOHHbl& 
pacTBop, Toro me caMor CocTaBa KaK pacTBop npo6~1 KpoMe 
KaTaJnlsaTopa,TH~pyIo~pacTBopoMKaTanllsaTopa~oypaBKeKElFI 
CKOpOCTefi peaKqHU,KOTOpOe 06HapymMBaIOTOTK~OHeHHeM HyJlb 
Ha raJlbBWOMeTpe, COe,WiHeHHOM IlyTeM MOCTHKOBbIX ueIIei8 c 
AByMR llpOTHBO~OJlOHCHblMM TepMmCTOpaMH, IIOMeQeHHblMH B 
pacTBopax. 
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Mass Spectrometry in Inorganic Chemistry: ROBERT F. GOULD. American Chemical Society, 
Washington, D.C., 1968, Pp. vii + 329. 512. 

This is a report of a symposium on inorganic mass spectrometry sponsored by the Division of 
Inorganic Chemistry at the 152nd meeting of the American Chemical Society in 1966. The 
contents include 21 separate contributions which cover a very wide range of interest. Among 
the topics reported are chemi-ionization, high temperature studies, electron impact, and the 
analysis of complex volatile inorganic substances such as perfluorosilane. 

Phosphorimetry: M. ZANDER, Academic Press, New York, 1968. Pp. viii + 206. 93s. 4d. 
This is the first major publication to deal exclusively with phosphorimetry and should fulfill 

the needs of analysts, biochemists and workers in clinical chemistry. The first part contains an 
introduction to the theoretical and experimental foundations of phosphorescence anda compre- 
hensive collection of phosphorescence characteristics for different compounds. The second part 
gives experimental pr&ed&es for spectrophosphorimetry and lists a large number of applications 
of the techniaue to manv branches of chemistrv. Examnles of the fields covered are analvsis of 
polycyclic aro’matic hydr&arbons, coal-tar fract&s and pktroleum products, air pollution studies, 
determination of inhibitors in polymers, and applications in biochemistry, pharmacology and 
food chemistry. The conprehensive author and subject indexes make this an invaluable reference 
book for the research worker who wishes to use this powerful technique. 

ii 
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Flnomwnzm&ytitie Bestimmung von SuUidlonen im Bereicb von l-10 ng/ml: ADOLP GR~ERT, 
K~LHEINZ Bm -R and GUNTHER TBm (10 October 1967) 

Analytical applications of hydroxylaadne derivatives: A. D. SHENDRIIUR (16 October 1967) 
U-q aa Reagwien fllr Niob uad Tantal-II. Elg eawhften von Brenxcatechiaderivaten: 

G. ACZKERMANN and S. KOCH (23 Ocrober 1967) 
Aah-exchauge behaviour of transplutoaium elemeats aad hhauides in hydrochloric acid-owmic 

solveat mixtures: K. A. ORLANDINI and J. KORKISCH (23 October 1967) 
Use of lanthaamu and sulphuric add to suppress interfereaces in the ftame photometric determhation 

of caldum ia soil extracts: C. C. EVANS and H. M. G RIMSIUW (23 October 1967) 
Separation of mecal ions on staank tangstate aad staanic selenite papers. Sped& separatioa of Zn+*, 

Be+*, Ga+‘, In+‘, W*a and K+: MO- Qummq K. N. MATHUR and A. H. I~R.ULX (24 October 
1967) 

x-ray thomwlw e of surface uranium on oxidized fuel elements: E. A. S~H~, 
P. F. EL.LIOTT and J. 0. HIBBIlS (26 October 1967) 

Spot test for the detection of iodate iu the preseaw of periodate. Applicatiou to the detection of uic- 
diJ&osy compounds: G. NEW and A. TOWN~HEND (30 October 1967) 

Micro and semi-micro detenninatioa of organic nitrogen by use of potassiam hmate: MO- 
ASHRAP, M. A. SIDDIQUI and M. K. Bwwry (31 October 1967) 

preconaatrptrolrOfim~iaboroabef~~ aaalysis: D. E. WANNER and F. J. 
CONRAD (1 November 1967) 

Speetrrwcopv in separated flames-III. The use of the separated ni&ous oxide+cetylene Bame ia 
thermalemi!&ons peetnwcopy: G. F. KIRKBRI~~~, A. SEMB and T. S. WEST (1 November 1967) 

Rapid speetrophoQmeMc determhatioa of cob& with 2,2’dipyr@l ketoxime: W. J. HOLLAND and 
J. Bozxc (1 November 1967) 

Sped&hmhetric determination of mim amounts of lead: G. F. KIRICBIUOHI and C. G. SAW 
(1 November 1967) 

Argemtom~c determination of fesmcplk, thiocyanate and phosphate using a depolarization end- 
point: MOMIR S. JOVANOV~C and MILICA D~~ooJevrc (3 November 1967) 

Neutralization biamperometric titrations using the bismuth-bismuth pair of electrodes: MOMIR S. 
JOVANO~I& and DUBRAVKA BAKALE (3 November 1967) 

DetermInntloa of gallium and indium by paper chmmatographic separation: I. I. M. ELBIZIH, A. 
ELBAKRY and M. M. ALY (6 November 1967) 

Extraction of metals in the systems metal ion-catecholq&emary base: M. VRCHLABS KY and L. 
SOMMER (6 Nouember 1%7) 

Studies of the system titanium(IV)-ca~ol~uatemary base. An approach to the study of ternary 
complexes: M. VRCHLABSK~ and L. SOMM~R (6 November 1967) 

Mercurous &rate as a selective reagent for the detection of some unsaturated orgmdc compounds: 
MOHSIN QURESHI and K. G. VARSHNEY (7 November 1967) 

Extra&on-photometric determhtion of cobalt with Add Monochrome Greens: V. V. BAGREEV and 
Yu. A. ZOLOTOV (9 November 1967) 

Recovery of added palladium from plant and animal tissues: R. J. THIBERT and M. SARWAR (10 
November 1967) 

Applicatioa of tbe Stanton dilfe+rential thermal analysis equipment to the quantitative measurement of 
enthalpy changes: B. R. CURRELL (13 November 1967) 

2-(2-thbwdylaxo)4-metl1oxyphenol aad 2-(2-~ly~o~5-metboryphewl as reagents for uranium: 
L. SOMMER, T. REPEL and V. M. IVANOV (15 November 1967) 

Arsenszo-_m and its analogues--vI. The new reagents for photometric determination of palladiam: 
S. B. SAVVIN. R. F. PROPL?T~OVA and L. A. OKHANOVA (15 November 1967) 
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Albert Arthur Smales: A. G. JONES. (21 February 1968) 

Ion-exchange resins in non-aqueous solvents-III. Solvent-uptake properties of ion-exchange resins 
and related absorbents: DONALD P. PIETRZYK. (20 March 1968) 

Microdeterminationof iron inplant tissuewith4,7diphenyl-l,lO-phenanthroline: DONALDE.QUMSLAND 
and DONALD C. JONES. (15 April 1968) 

The sputtering of GaAs single crystals by 8-16 keV argon ions: J. FARREN and W. J. SCAIFE. (29 
April 1968) 

Activation analysis with standards containing two or more active nuclides. A computerized method of 
calculation involving decay and gamma spectral resolution: W. JENKINS and J. W. MCMILLAN. 
(30 April 1968) 

Photon-activation analysis for carbon and oxygen: C. A. BAKER and D. R. WILLIAMS. (30 April 1968) 

An X-ray milliprobe analyser with photographic recording of the spatial distribution of elements: J. P. 
CAMPBELL, F. W. J. GARTON and J. D. WILSON. (4 May 1968) 

Ge(Li) Gamma-ray spectrometry as a pilot for NaI(T1) gamma-ray spectrometry: V. P. GUINN, F. M. 
GRABER and D. M. FLEISHMAN. (4 May 1968) 

Rapid determination of *s*U/2s4U ratio in essPu by homogeneous precipitation: GARY L. SILVER. 
(4 May 1968) 

Separation of rhenium, tungsten and molybdenum by thin-layer chromatography: ROKURO KURODA, 
KAZAUKI KAWABUCHI and TAKAO ITO. (6 May 1968) 

Determination of rhenium in molybdenite by X-ray fluorescence-a combined chemical-spectrometric 
technique: M. W. SOLT, J. S. WAHLBERG and A. T. MYERS. (20 May 1968) 

Chemical-concentration X-ray determination of selenium in copper-, nickel-, and iron-base alloys: 
C. H. ALBRIGHT, KEITH E. BURKE and M. M. YANAK. (20 May 1968) 

Separation of zirconium by thin-layer chromatography: KOICHI OGUMA. (20 May 1968) 

Improved selectivity of chemical colour reactions by simple gas-chromatographic separation: J. E. 
DAVIES and D. E. HILLMAN. (20 May 1968) 

Submicroestimation and identification of phenylthiohydantoins by using dlthiofluorescein, o-hydroxymer- 
curlbenzoic acid and mercurated fluorescein: MIECZYSLAW WRO&KI. (21 May 1968) 

Catalytic titrants and catalytic end-point indication: I&RACIO A. MO~OLA. (22 May 1968) 

Ascorbinometric determination of tervalent manganese and manganimetric evaluation of ascorbic acid: 
P. KOTESWARA RAO and B. V. RAO. (23 May 1968) 

Kolorhnetrische Eesthmnung von Gold mit AnthranilsHure: MJHAIL MACOVSCHI. (24 May 1968) 

Automatic analysis with thermometric detection: W. R. MCLEAN and G. E. PENKETH. (26 Muy 1968) 

Determination of the precise composition of the triple sodium uranyl acetates of magnesium, zinc and 
nickel and some observations on the use of the first two compounds for the determination of sodium: 
R. G. MONK. (26 May 1968) 

Amperometric titration of thorium with copper as amperometric indicator: J. R. DEAN and W. E. 
HARRIS. (27 May 1968) 

ii 
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Electrodeless bismuth discharge tubes: R. M. DAGNALL, K. C. THOMPSON and T. S. WEST. (27 May 
1968) 

Determination of traces of perchlorate in chlorate solutions: D. L. FUHRMAN. (4 June 1968) 

New chromogens of the ferroin type-IV. Pyridylpyrimidines and bidiaxines: A. A. SCHILT. (5 June 
1968) 

Studies in atomic fluorescence spectroscopy-VIII. Atomic fluorescence and atomic absorption of 
tbailium and mercury with electrodeless discbarge tubes as sources: R. F. BROWNER, R. M. DAGNALL 
and T. S. WEST. (6 June 1968) 

Metal complexes with tropolones: YAG Du-rr, R. P. SINGH and MOHAN KATYAL. (7 June 1968) 

Simuitaneous spectrophotometric determination of traces of copper, nickel and cobalt: L. BALABANOFF 
and S. SELMAN. (I5 June 1968) 

N-Salicylidene-/Lalanine as a gravimetric reagent for copper@): R. K. MEHTA, S. P. RAO and R. C. 
KAPOOR. (15 June 1968) 

Spectrophotometric determination of antimony with 3,5,7,4’-tetrahydroxytIavone (Kaempferol): B. S. 
GARG, K. C. TRIKHA and R. P. SINGH. (17 June 1968) 

Application of a demouutable water-cooled hollow-cathode iamp to atomic-fluorescence spectrometry: 
G. ROSSI and N. OMIXNETTO. (17 June 1968) 

Paper chromatographic separation of a few cations with t-butanol and ethanol mixture in acid: SIJMAN 
SETH1 and R. S. RAI. (17 June 1968) 

Metal chelate exchange in the organic phase-III. Extraction and exchange constants of dithixonates 
and oxbtates: J&i STAR*. (17 June 1968) 

Advantages of a two-detector system in automated substoichiometric radioisotope-dilution analysis: 
C. G. LAMM and J. RI%IEKA. (17 June 1968) 

Colorbnetric determination of cerium with Chromotrope 2B: I. I. M. ELBEM and M. S. RISK. (17 June 
1968) 

Electron microscopy and diffraction studies on coprecipitation-II. Coprecipitation of barium and lead 
suiphates: KAZUYOSHI TAK~YAMA and EIKO KOZUKI. (19 June 1968) 

Atomic-absorption spectrophotometry in water analysis: S. D. SOMAN, V. K. PANDAY and K. T. 
JOSEPH. (20 June 1968) 
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Progress in Nuclear Energy, Series IX, Analytical Chemistry, Vol. 8 Pt. 2: H A ELION and 
D C STEWART (Eds ). Pergamon, Oxford, 1968 pp 86. f2 

Thus part of Volume 8 consists entirely of a review by Chester J Schuler on laser-induced 
spontaneous and stimulated Raman scattermg It IS a model of review wrltm , concise, clear, 
interesting, packed with data and contammg a well orgamzed blbhography up to mid-1967). B 
The advent of the laser has clearly stimulated much actlvlty m Raman spectroscopy and made the 
analytical potential of the method realizable Despite appearmg m this series, the review 1s not 
aimed at analysts, but It IS a good starting pomt for those wishing for background mformatton 
on the impact of laser hght sources m Raman spectroscopy, the advantages and problems associ- 
ated with their use, and the nature of the stimulated Raman effect 

Chimie Nuckkire Appliquee: E ROTH Masson et C ie, Pans, 1968 pp 1x + 629 98 F (French) 

This 1s a comprehensive textbook dealmg succmctly with all aspects of nuclear chemistry. 
After an mtroductory chapter which surveys the subject there 1s a lengthy chapter dealing with 
basic theory and concepts This 1s followed bv chanters on the use of radIoactive tracers m 

I J 1 

chemistry, mass spectrometry and the analysis of stable isotopes, isotope dilution, the Moss- 
bauer effect and the properties of radioactive tracers There 1s also a senes of chapters describing 
the artlticlal preparation of radioelements (mcludmg the transuramc elements), actlvatlon analysis, 
radiation chemistry, nuclear fission, doslmetry, and the practical apphcatlons of the mteractlon of 
matter and radiation There 1s a extensive blbhography and useful sets of tables of nuclear data. 
A valuable mcluslon 1s a section with a number of set problems This book IS recommended to 
third year students and research workers and to those engaged m teachmg all aspects of nuclear 
chemistry 

Comprehensive Analytical Chemistry, Vol. IIB, Physical Separation Methods: eds CECIL L WILSON 
and DAVID W WILSON with (the late) C R N STROUTS 
f8 10 

Elsevler, Amsterdam, 1968 pp xv + 445 

This volume, covermg liquid chromatography m columns, gas chromatography, ion ex- 
changers and dlstlllatlon, continues the exposition of analytlcal chemistry m this well known 
series, and maintains the standards set 

The Limit of Detection of a Complete Analytical Procedure: H KAISER and A C MENZIES 
London, 1968 pp ix + 59 30s 

Hdger, 

This little book consists of a translation of two papers by Professor Kaiser on the limits of 
detection, and an mtroductlon to statlstrcs by Dr Menzles It is very readable and will be of 
use to all mvolved m trace analysis, and of interest to analysts m general. 
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Atomic-Absorption Spectroscopy and Analysis by Atomic-Absorption Flame Photometry: JUAN 
RA&REZ-Musoz. Elsevier, Amsterdam, 1968. Pp. xii + 493. 195s. 

This is a typically thorough Ramirez-Muiioz text, in the tradition of the classic text on flame 
photometry written by Burriel-Marti and Ramirez-Mutioz. There is a comprehensive account of 
the principles of the method, of the apparatus used, and of the methods available, and there is a 
very useful appendix which summarizes the conditions for determination of 68 elements. This 
volume is likely to prove an indespensible part of the flame spectroscopist’s reference library. 

Analytical Letters: Editors GEORGE G. GUILBAULT and LARRY G. HARGIS. Dekker, New York, 
1967. f5. 7. 6 per volume. 

This is a new venture in the publishing of analytical papers, designed to minimize the time of 
publication. It will appear monthly. Time is saved by photographic reproduction methods 
direct from the manuscript, placing a premium on accurate and clean preparation of the copy 
submitted. The future of this venture will be watched with interest. 

Spectroscopy Letters: Editor JAMES W. ROBINSON. Dekker, New York, 1968. f5. 7. 6 per volume. 
This is a companion journal to Andytical Leftus, intended to provide a similar service of 

rapid publication in the field of spectroscopy. 

Proceedings of the First International Conference on Forensic Activation Analysis: Editor V. P. GUMN. 

Gulf General Atomic, P.O. Box 608, San Diego, California 92112, 1967. Pp. ix + 314. $7.00. 

A report of the conference held in San Diego in September 1966 containing the texts of the 
papers presented, this volume is a fascinating account of the forensic applications of activation 
analysis, showing the very wide range of investigation that the modern criminological chemist is 
required to undertake. 
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PUBLICATIONS RECEIVED 

Ele&oamlytical Chemistry, Vol. 2: Ed. ALLEN J. BARD. Edward Arnold, London, 1967. Pp. 270. 
10%. 

This is the second volume in the series, and adds four authoritative and well written reviews 
in the field, on the topics “Electrochemistry of Aromatic Hydrocarbons and Related Substances”, 
“Strinnine Voltammetrv”. “The Anodic Film on Platinum Electrodes”. and “Gscillomanhic 
Pola;&a:hy at CornroBed Alternating Current”. Each review gives a comprehensive intro&t&on 
with theoretical background, and a discussion of practical applications with a useful bibliography. 
The book will be of value to researchers and graduate students with an interest in electrochemical 
methods of analysis. 

Handbucb der Analytischen Chemie-Quantitative A&se, Band lbvilber und Gold: H. W. HAAIQZ. 
Springer Verlag, Berlin, 1967. Pp. 137 (Ag), +82 (Au), +51 (Fire assay methods and techniques). 
DM 74.00. 

There can be very few problems in the determination of silver or gold which will not be solved 
or at least simplified by consultation of this book. The vast amount of detailed information is 
readily available through indexes and tables. Non-German speaking people need not be put off 
by the thought of language difficulties-the book is very clearly and concisely written. A useful 
feature is the separate chapter on tire assay methods applicable to both these metals and also to 
other noble metals. A valuable reference book for all engaged on analysis of noble metals. 

Selected Readings ln Chemical metics: Ed. MARGARET H. BACK and KEITH J. LAIDLER. Pergamon, 
Oxford, 1967. Pp. 175. Hard cover 30s ($5.50). Flexi-cover 20s (84.00). 

This book will till a gap in many younger libraries, where runs of older journals are not 
available for consultation by students. The 12 papers have been carefully selected as being both 
milestones in the progress of reaction kinetics and at the present time a help to the student’s 
understanding of the subject. Three papers are translated from the German, and one from Russian; 
perhaps the ones in German might have been left untranslated, as useful practice in reading in a 
foreign language. The price should fall within the pocket of most students. 

Chelates in Analytical Chemistry, Vol. 1: Ed. H. A. FLAXHKA and A. J. BARNARD, JR. Edward 
Arnold, London, 1967. Pp. xii + 418. n.lOs. 

This is the first volume of a series of authoritative reviews of the analytical applications of 
chelate compounds. The avowed object is to show that chelation is a unifying principle over a 
wide field of chemistry. The topics covered in this 8rst volume (history, chromogenic agents, 
chelating resins, conductimetry, thermal dissociation, polarography, and molybdenum and 
tungsten chemistry) together with the list of distinguished contributors should serve as guarantee 
that the aim will be realii. 

Basic Principles of Chemistry: HARRY B. GRAY and GILBERT P. H.-UGHT, JR. Benjamin, New York, 
1967. Pp. XVII + 595. $9.75. 

A well-illustrated account of the modern outlook on chemistry and the way in which it should 
be taught, this book can confidently be recommended to first and second year students and those 
who wish to bring their chemistry up to date. 

Modern Or8anic Chemi~: JOHN D. ROBERTS and MARJORIE C. C-0. Benjamin, New York, 
1967. Pp. xxi + 844. 86s. 

This book certainly lives up to its title and presents organic chemistry in modern terms of 
bonding theory, thermodynamics, kinetics and reaction kinetics, so helping to get away from the 
traditional (and unfortunate) subdivisions of chemistry. The whole field of organic chemistry 
is covered and there is a refreshing lack of cataloguing of information. The extensive use of the 
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results of the newer spectroscopic techniques is a particularly praiseworthy feature. For the 
teacher there is a companion volume “Supplement for Modern Organic Chemistry” (pp. 525; 
325) which contains the answers to the problems, with further discussion where necessary. 

Hormone Chemistry: W. R. Burr. Van Nostrand, London, 1967. Pp. xvi + 397. 7%. 

Pnrlflcation of A&o&rile and Tests for Impurities: J. F. COETZEE. Butterworths, London, 1967. 
Pp. 7. 3s. (Reprint of Pure and AppIied Chemistry, 1966, 13 (_3), 429-435.) 

Preparation of Anhydrous Etbylenediamine: L. M. M~~HEXJEE and S. BRUCKENSTEIN. Butterworths, 
London, 1967. Pp. 6. 3s. (Reprint of Pure and Applied Chemistry, 1966,13 (3). 421-426.) 

NOTICES 

U.S.A. 

30 June-5 July 1968, The First Iateraational CODATA Conference on the critical evaluation of 
numerical property values in the physical sciences will be held at Amoldshain in the Taunus Moun- 
tains near Frankfurt/Main from 30 June to 5 July 1968. This Conference will be under the auspices 
of the Committee on Data for Science and Technology (CODATA) of the International Council of 
Scientific Unions (ICSU). It will be run along the informal lines of the Gordon Conferences in 
the U.S.A. and the EUCHEM Conferences in Europe. The General Chairman of the Conference will 
be Prof. Dr. W. Klemm, Vice President of CODATA and recently president of IUPAC. 

CODATA is a committee of ICSU started in 1966 to stimulate and coordinate informally on a 
world-wide basis the rapidly growing effort to collect, evaluate, compile and publish the evaluated 
numerical data of science and technology. Six major countries (France, Germany, Japan, U.K., 
U.S.A. and U.S.S.R.) and eleven International Unions of ICSU are represented on the committee. 

Information and application forms to attend the meeting may be obtained from Dr. Guy 
Waddington, Executive Director, Central Office, CODATA, c/o National Academy of Sciences, 
2101 Constitution Ave. N.W., Washington, D.C. 20418, U.S.A. 

DEUTSCI-IE DEMOKRATISCHE REPUBLIK 

18-20 September 1968, OPtkscbe SPektraIanaIyse. Das Institut ftlr analytische Chemie der Techni- 
schen Hochschule fur Chemie “Carl Schorlemmer” Leuna-Merseburg veranstalst vom 18-20 
September 1968 eine Tagung xum Thema 

“Optische Spektranalyse” 

In Plenar- und Diskussionsvortr%gen sol1 insbesondere die Bedeutung der Intensitiit als Stotfkonstante 
und als analytische MdgriiBe in den verschiedenen Bereichen des optischen Spektrums behandelt 
werden. Dabei stehen im Vordergrund methodische Forts&r&e und neuere theoretische Erkenntnisse 
der Atomspektroskopie (neue Anregungsquellen, Atomabsorption), der Molektilspektroskopie (IR- 
und UV-Spektroskopie) und such allgemein interessierende, mit der Intensitiitsmessung zusammen- 
hiingende metrologische Probleme. 

Anmeldungen ftir Diskussionsvortriige (Zeit 20 mm) werden mit kurzer Inhaltsangabe in doppelter 
Ausfertigung bis 1.3.1968 erbeten an 

Institut ftir analytische Chemie 
der Technischen Hochschule ftir Chemie 
“Carl Schorlemmer” Leuna-Merseburg 
42 Merseburg (DDR) 
Geusaer St&e 

Anmeldungen ftir die Teilnahme an dieser Tagung mtissen bis Qt.1968 vorliegen. Alle weiteren 
Einxelheiten (wissenscbaftliches Programm, Damenprogramm, orgariisatorische. 
Interessentenmeldungen gelten als Anmeldung und werden bertlcksichtigt. 

Bisher eingegangene 



SUMMARIES FOR CARD INDEXES 

Spectroscopy in separated Barnes-IV. Application of the nitrogen- 
separated air-acetylene flame in flame-emission and atomic-fluorescence 
spectroscopy: R. S. HOBBS, G. F. KIRKBRIGHT, M. SARGENT and 
T. S. WEST, Talanta, 1968, 15, 997 (Chemistry Department, Imperial 
College, London, S.W.7.) 

Summary-The primary and secondary combination zones of an 
air-acetylene flame have been separated by a stream of nitrogen 
flowing parallel to the flame to prevent access of atmospheric oxygen 
to its base. The flame is very stable over a wide range of fuel-air 
mixture strengths, and organic solvents may be aspirated without 
difficulty. The low flame background enables thermal-emission and 
atomic-fluorescence measurements to be made with high sensitivity. 
Bismuth, for example, has been determined in the range 5-200 ppm 
by its thermal emission at 306.8 nm, with a detection limit of 2 ppm 
in aqueous solution, and in the range l-10 ppm with a detection limit 
of 0.3 ppm in 50% ethanolic solution. Zinc and cadmium have been 
determined at 213.9 nm and 228.8 nm by atomic-fluorescence spec- 
troscopy in this flame with detection limits of 2 x lo-’ ppm and 5 x 
1O-4 ppm respectively, vapour-discharge lamps being used as sources of 
excitation. The results obtained represent a considerable improvement 
over those available by the same methods in a conventional air- 
acetylene flame. 

Evaluation of the lanthanum fluoride membrane electrode response in 
acidic solutions: The determination of the pK, of hydrofluoric acid: 
NICHOLAS E. VANDE~~ORGH, Tulunfa, 1968, -15, 1009 (Analytical 
Methods Division-5421, Sandia Laboratory, Albuquerque, New 
Mexico, U.S.A.) 

Summary-Measurements made with a combination of glass and 
lanthanum fluoride membrane electrodes in solutions which are 
strongly acid but varying in ionic strength have been used to calculate 
the dissociation constant of hydrogen fluoride and to validate the 
response of the latter electrode in strongly acidic media containing 
fluoride ions. 
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AHHoTaqwi CTaTei 

CIIEKTPOCKOIIIUI B OTAEJIEHHbIX IIJIAMEHAX-IV. 
MCIIOJIb30BAHBE OTLlEjIEHHOm ASOTOM 

IIJIAMEHH B03AYXk’ II AIJETHJIEHA B 
I-IJIAMEHHO-BMLICCHOHHO~ H ATOMHO- 
QJIYOPECLJEHTMO$i Cl-IEKTPOCKOIIBB: 

R. S. HOBBS, G. F. KIRKBRIGHT, M. SARGENT and T. S. WEST, 
TuZuntu, 1968, 15,997. 

Pesmw--IIepmwme ti BTopmHbIe Hohf6smaqsiomhIe aoHbI 
marsemi Boanyxa n aqemneHa paanenefm mpyei aaoTa, napan- 
JIeJIbHOii IIJIaMeHII, 'ITO6bI IIpeAOTBpaIIIaTb AOXOA aTMOCf#epH- 
geCKOr0 KHCJIOpO~a K er0 OCHOBe. nJIaMfi IIBJIFIeTCR BeCbMa 
~CTOPWB~IM B IUZI~~KOM AxanaaoHe chtecei Tomma EI Boanyxa, 
a OpraHHYeCKHe paCTBOpHTeJlH MOWHO JIerKO B36pEJWllBaTb. 
HnaKMti $0~ nnaMeHn n0aBonaeT MaMepHTb TepMasecKyw 
BMIICCIIIO M aTOMHyIo (UIyOpeCqeHJJIUO C BbICOKOti syBCBI%TeJIb- 
HocTbw. Hanp~~ep,~~~C~y~onpe~en~~1~~npe~enax5-200 ~r/n 
Ha 0cKoBe ero TepiwsecKoi asnuzcEiH nptl306,8 ~~K,cnpegeno~ 
06Hapy~eHHs2 Mr/JIB~O~~~MpaCTBope,a~npe~enax l-10 Mr/n 
c npeAen0r.f o6Hapymems O,~M~/JI B 50% THOM pacTBope 
aTnnoBor0 cnnpTa. IJEIHK H ~a.~~ifi onpeAenRna npn 213,Q II 
228,8MMK MeTOAOM aTOMHO-$UfyOpeCqeHTHOti CneKTpOCKOnllH B 
a~oZt nnaMeH&i c npeAenaMH 06HapyH(eHHR 2 X lo-$ w/Jr H 5 X 
lo-$ w/n, cooTBeTcTBeHH0, c 5icnonbaoBawieM naMn napoBor0 
PaapRAa B KaqeCTBe PICTOYHHKOB BOB6ywAeHEWI. nOJIyYeHHbIe 
pe3yJIbTaTbI npeJ(CTaBJIFfIOT co6oti aHaW%TeJIbHOe yJIyW.UeHHe 
peoyJlbTaTOB nOJlyqeHHbJX 06bIKHOBeHHblM IlJIaMeHeM BOaAyXa Ei 
aqeTHneHa. 

OqEHKA OTBETA BJIEKTPOJJA C MEMBPAHOm 
@TOPBDA JIAHTAHA B KtiCJIbIX PACTBOPAX: 
OtiPE~~JIEHLIE p& @TOPtiCTOBO~OPOflHO~ 

ICBCJIOTM: 

N. E. VANDERBORGH, Tulantu, 1968, 15, 1009. 

Pe3IOMe--PeayJlbTaTaME WMepeHHti, npOBeJ(eHHblX B CIIJIbHO- 
KElCJlblX paCTBOpaX C UepeMeHHOfi IlOHHO@ CHJIOi, C IiCnOJIb- 
eOBaHI4eM KOM6IIHaqllH CTeKJIRHHOrO WleKTpOAa EI NIeKTpOHa C 
MeM6paHoi #TOpHna JIaHTaHa nOJIb30BaJIHCb AJlFI BbIWlCJIeHEIH 
KOHCTaIiTbI AHCCOIJElaqHIl (PTOPOBOAOpOAa II ASIR yTBep?KAeHMR 
0TBeTa nocneAHor0 aneKTpona B coaepxtaIonwx (P~0pnAEi0HbI 
CMJlbHOKMCJlbIX CpeJJaX. 



Summaries for card indexes 

Determination of submicromolar concentrations of fluoride in biological 
samples: DONALD R. TAVES, Talantu, 1968, 15, 1015 (Department of 
Radiation Biology and Biophysics, University of Rochester School of 
Medicine and Dentistry, Rochester, New York 14620, U.S.A.) 

Summary-The fluorescence of a Morin-thorium complex provides a 
more sensitive fluoride reagent than has been previously used. It has 
immediate stability and a linear response to fluoride up to 50% 
reduction in fluorescence. The values for serum fluoride, as measured 
with this reagent after diffusion at room temperature, agree with those 
obtained with the fluoride electrode and with those predicted by the 
renal clearance of radioactive fluoride. The relative standard deviation 
when measuring lo-‘M fluoride in 2 ml of serum is &IO%. 

Inorganic polarography in organic solvents-IV. Polarography of metal 
oxiaate complexes in various solvents: R. M. DAGNALL and S. K. 
HASANUDDIN, Talanta, 1968, 15, 1025 (Chemistry Department, 
Imperial College, London, S.W.7.) 

Summary-The polarography of 24 metal oxinate complexes extracted 
into chloroform, IBMK, and ethyl acetate has been investigated, a 
methanolic solution of lithium chloride being used as base electrolyte. 
Only 15 complexes gave rise to reduction waves, and interferencefree 
determinations have been developed for indium and thallium(II1) in 
chloroform, and for bismuth, molybdenum and uranium in IBMK. 
The use of ethyl acetate offered no special advantages, and was the 
least selective of the three solvents used. 

Complexes mixtes des uitrilotriacetates metalliques aver l’acide gluta- 
mique ou avec l’acide aspartique: J. ISRAELI and M. CECCHETTI, Talanta, 
1968. 15, 1031 (Department de Chinlie, Universite de Montreal, 
Montreal, P.Q., Canada.) 

Summary-The metallic nitrilotriacetates react with aspartic acid and 
glutamic acid and form with them mixed complexes. The formation 
constants of these complexes were determined. 



vi 

OHPEAEJIEHBE CYBMBKPOMOJIflPHbIX 
KOHqEHTPAqBfl @TOPBaA B 
BI%OJIOI’BYECKtfX OBPA3qAX : 

DONALD R. TAVES, TaZanfu, 1968, 15, 1015. 

Pe3Iome-Qnyopec~eKqzffi KoMnneKca ~opus c M~PIJH~M npefi- 
CTaBJIReT co6oii 6onee =iyBCTBHTenbHbIfl peareHT HJIFI +TOpIQa 
OT 06bIKHOBeHHbIX peareHTOB. YCTOtWBOCTb KOMIIJIeKCa IIOJIy- 
9aeTcH HeMenneHno, a 0TBeT @TOpIIga naHeiHbIl ~0 50% ~~0r0 
CHm~eHMa~nyOpeCqeHqHM.RenMsllHbIAn~~TOpHAaBCbIBOpOTKe, 
onpeAeneHHbIe3~wpeareHTOM nocne~~@$ya~~npkiKOMHaTHO~ 
TeMnepaType cornauIaIoTcH c pe3ynbTaTanrq nonyseaHbIMn c 
+TOpEiAHbIM 3JIeKTpOAOM II C pe3yJIbTaTaMH IIpeACKa3aHHbIMH Ha 
OCHOBe IIOYesHOti OWiCTKH paAElOaKTHBHOr0 @TOpIQa. OTHO- 
CElTeJIbHaR CTaHAapTHaR orrrn6Ka IlpK OIIpeAeJIeHHH lO-'Af 
$TOpMAaB 2 MJI CbIBOpOTKEl paBHa &lo%. 

HEOPI’AHWIECKAH IIOJIHPOI’PAcDBFI B 
OPI’AHBYECKBX PACTBOPBTEJIFIX-IV. 

IIOJIRPOI’PA@BR OKCBHATOB METAJIJIOB 
B PA3JIWIHbIX PACTBOPUTEJIRX: 

R. M. DAGNALL and S. K. HASANUDDIN, Taluntu, 1968, 15,1025. 

PesIOMe--HCCJIeAOBaHa IIOJIFIpOrpa@Efl 24 OKCEIHaTOB MeTaJIJIOB 
3KCTpalWpOBaHHbIX XJlOpO#OpMOM, U306yTIUlMeTHJIKeTOHOM II 
3TlUIaqeTaTOM, C EICIIOJlb30BaHEleM paCTBOpa XJlOpIlAa JIHTIIR B 
MeTElJIOBOM CIIHpTeB Ka=IeCTBe OCHOBHOrO WleKTpOnHTa. BoccTa- 
HOBMTe~bHbIeBOJIHbIIIOJIy~eHbITOJIbKOBCJIy~ae 15 KOMIIJIeKCOB. 
Pa3pa6OTaHbI CBO6OAHEJe OT BJIHFIHHFI npoqenypbI ASH onyene- 
JIeHLlRHHAHREITaJIJIEIR(III)BXJIOpO@OpMeZiBHCMyTa, Monll6AeHa 
kI ypaHa B H306yTHJIMeTlWIKeTOHe. ElTHnaqeTaT He rIoKa3ax 
OC06eHHbIX IIpeHMyIQeCTB 12 OKa3aJICFI HaEiMeHee H36HpaTejTbHbIM 
113 TpeX I,ICCJIeAOBaHHbIX paCTBOpnTeJIeik. 

CMEIIIAHHbIE ICOMlLTIEICCbI HBTPBJIOTPBA~ETATOB 
METAJIJIOB C l?JIYTAMkfHOBOn llJII4 

ACHAPAI’BHOBOB ICtiCJIOTAMB: 

J. ISRAELI and M. CECCHE~TI, Tuhntu, 1968, 15, 1031. 

Pe3IOM0--HHTpIWIOTpEaqeTaTbI MeTaJIJIOB pearllpyIOT C aCIIapa- 
r~HOBOiHr~yTaM~HOBOtiK~CJIOTaMElCO6pa3OBaHHeMCMeIUaHHbIX 
KOMIIJIeKCOB. OIIpeAeJIeHbI KOHCTaHTbI 06paaosaHIlR BTBX KOM- 
IIJIeKCOB. 



Summaries for card indexes vii 

Potentiometric studies on the formation of metal complexes with trans-1, 
2dlaminocyclohexane-N,N,N’,N’-tetra-aceticacid-I. Protonationofthe 
ligand: KNUT SCHR@DER, Tukzn~a, 1968, 15, 1035 (Norges laerer- 
hergskole, Kjemisk institutt, Trondheim, Norway.) 

Summary_--The protonation of rrans-1,2-diaminocyclohexane-N,N, 
N’,N’-tetra-acetic acid is studied potentiometrically with the hydrogen 
electrode. The formation constants have been re-evaluated at 250” 
at an ionic strength of 3.0 (NaClO,), with a least-squares treatment of 
the data. The potentiometric data are explained from the law of mass 
action, using a model which assumes five different ligands to be present 
in the solution; the logarithmic stepwise stability constants are then 
9.90, 6.72, 3.65 and 3.21 for the mono-, di-, tri- and tetra-protonated 
ligand respectively. 

Analytical applications of hydroxycoumarins: MOHAN KATYAL and 
H. B. SINGH, Tulanra, 1968, 15, 1043 (St. Stephen’s College, Delhi-7, 
India.) 

Summary_-A review is presented of the analytical potentialities and 
physico-chemical properties of hydroxycoumarins. 

New chromogens of the ferroin type-III. Some 2-substituted benzimid- 
azole derivatives: ALFRED A. SCHILT and KEITH R. KLUGE, Talanra, 
1968, 15, 1055 (Department of Chemistry, Northern Illinois Uni- 
versity, DeKalb, Illinois 60115, U.S.A.) 

Summary-A spectrophotometric study has been made of the iron(U) 
and copper(I) chelates of 23 new compounds that contain the ferroin 
functional grouping. Although none of the compounds proved to be 
superior to chromogenic reagents currently in use, the results are of 
interest from the point of view of designing new chromogens for iron 
and copper. 
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VIII i%mioTaqm cTaTet 

133YYEHHE IIOTEH~kiOMETPWIECKBM METOAOM 
OBPA30BAHBH ICOMIIJIEKCOB METAJIJIOB C 

TPAHC-1,2-AEIAMI3HOIJEIKJIOI’EICCAH-N,N,N’,N’- 
TETPAYKCYCHO$i ECMCJIOTO~-I. 

IIPOTOHA~HFI JIHI’AHAA: 

KNUT SCHR~DER, Tulunta, 1968, 15, 1035. 

~esIonIe-~poToH~~sTpaHc-~,2-~~aM~HoqaKJroreKcaH-~,~,N', 
N'-TeTpayKCyCHOt KHCJIOTbl JlByseHa IIOTeHqHOMeTpH~eCKHM 
MeTOAOM, C MCllOJIb80BaHIIeM BO&OpOJWOrO WIeKTpO~a. CHOBa 
onpenenem KoKcTaKThI o6paaoBams npn 26,O" H MOHHOP 
KoHqeHTpaqm43,O (NaClO,),a peaynbTaTaro6pa6oTaHbIMeToAoM 
HaMMeHbIIIElX KBanpaTOB. nOTeHlJHOMeTpH¶eCKMe AaHHbIe 065 
EICHFIH)TCR Ha OCHOBe 8aKOHa AefiCTByH)aEIX MaCC, nOJIbByRCb 
MOAeJIbIO npeAnOJIaraNIWeti npHCyTCTBHe B paCTBOpe IIfITb 
paanHsHbIxnmaa~0~. hWiCJIeHHbIeJIorapH@MH4ecKuecTyneK- 
gaTbIe KoHcTaHTbI ~CTOZ~WBOCTH paBHbI Q,QO, 6,72, 3,65 II 3,21 
AJIX MOHO-, AH-,TpEI- II TeTpanpOTOHOBaHHOrO JIHraHAa,COOTBeT- 
CTBeHHO. 

BCIIOJIb30BAHBE OKCBKYMAPMHOB B AHAJIBBE: 

MOHANKATYAL and H.B. SINGH, Tuhtu, 1968,15,1043. 

PfY&OM+~pEiBeAeH 0650~ HCnOJIb8yeMOCTIi B aHaJIH3e I4 
@If3HKOXHMWIeCKIlX CBOikTB OKCHKyMapMHOB. 

HOBbIE XPOMOI’EHbI TkiIIA (DEPPOEIHA-III. 
HEECOTOPbIE 2-3AMEIIJEHHbIE IIPOB3BOAHbIE 

BEH3BMUAA30JIA: 

ALFRED A. SCHILT and KEITH R. KLUGE, TuZu~ta,1968, 15, 1055. 

PeWMe----HByqeHbI CneKTpO$IOTOMeTpPIeCKEM MeTOAOM XeJXaTbI 
meJIe3a(II)EIMeAH(I) c23 HOBbIMElCOe~IIHeHW?MEI,CO~epNUO~KMR 
@yHKqHOHaJIbHyIOrpyIIIly@eppOE¶Ha. HEIOAHOYIBHCCJI~AOB~HH~IX 
COeAHHeHEIti He OKaaaJIOCb JIyWllllM 06bIYHO UCIlOJlb8OBaHHblX 
XpOMOreHHblX pCEUWiTOB, HO pe3yJIbTaTEd UHTfJ?peCHJJ AJIFI CHH- 

T~~~~POB~HHRHOB~IXXPOMO~WHOB~JI~I mezeaaxnfem. 



Summaries for card indexes ix 

Differential spectrophotometry of nickel as its pyridine-2,6dicarboxylic 
acid complex: G. DEN BEEF and H. POPPA, Talantu, 1968, 15, 1058 
(Laboratory for Analytical Chemistry, University of Amsterdam, 
Amsterdam, The Netherlands.) 

Summary-The determination of nickel with pyridine-2,6-dicarboxylic 
acid by means of differential spectrophotometry at 1025 rnp is described. 
At the Ni concentration level of 2 mg/ml the relative standard deviation 
is 0.1%. Only a few elements interfere. 

Homogeneous nucleation of bis(l,2-cyclohexanedlonedioxlmato)-palla- 
dhnn(II): J. A. VELAZQUEZ and 0. E. HILEMAN, JR., Talantu, 1968,15, 
1060 (Department of Chemistry, McMaster University, Hamilton, 
Ontario, Canada.) 

Summary-Precipitation from homogeneous solution has been applied 
to the drop technique for the study of the homogeneous nucleation 
of bis(l,2-cyclohexanedionedioximato)palladium(II). It was found that 
under the experimental conditions employed the interfacial energy of 
the chelate was 47 ergscm-* and the critical radius size 11 A. 



AHKoTaqm CTaTeii 

flBWDEPEHqBAJIbHAJ3 CIIEKTPOQOTOMETPB~ 
HElKEJIR B (DOPME ECOMIIJIEKCA C 

IIIJPMJJHH-2,6-@ICAPBOHOBOm KHCJIOTO: 

G. DEN BOEF and H. POPPA, Talanta, 1968, 15, 1058. 

Pewme-OnncaKo onpeneneHkie KmKem mpaww-2,6-wKap- 
6OHOBOt KEiCJIOTOti MeTOAOM JVi@$epeHIWaJIbHOfi CIIeKTpO'$OTO- 
MeTptiH IIpE 1025MMK. npll KOHlJeHTpEll@UI HHKeJIFi 2 Ml'ln 
OTHOCHTenbHafI CTaK~apTHaR omn6Ka pama 0,1x. TonbKo 
HeMHOrlle 3JIeMeHTbIMeUIaIOT 0npeneneHnm. 

rOMOI’EHHAR HYKJIEA4klFI BtIC(l,Z- 
~I4IUIOrEfKAH~FIOH~~OKCHMATO)- 

IIAJIJIAfiHR(I1): 

J. A.VELAZQUEZ and 0. E. HILEMAN,JR., Tulunta, 1968,15,1060. 

Pe3IOMe----OCa?KneHEle I43 rOMOI'eHIIOI'0 paCTBOpa IIpHMeHeHO B 
MeTone Kanan ~JIH M3y4eHHR roMoremoB KyKneaqm 6nc(1,2- 
~~K~OreKCaH~~OH~~OKC~MaTO)~aJma~~~(~~).BElC~O~b3OBaIIHbIX 
y~~1o3~1~~Onb1Taonpe~ene~b1~e~~nosepxHocTKa~3Hepra~xenaTa 
47 3pr.CM-*, a KpYITWIeCKLIti paAM)'C 11A. 



SUMMARIES FOR CARD INDEXES 

Rapid determination of copper in plants by neutron activation anal)+: 
APOSTOLOS I’. GRIMANS, Tduntu, 1968. 15, 279 (Chcmlstry Dcpart- 
mcnt. Nuclear Research Center “Dcmocntos”, Aghra ParasLc~r, 
Attika, Athens, Greece.) 

Summary-A rapid and simple neutron-acttvatron analysts method has 
been developed for the dctermmatlon of copper III plant Icavc\ 
Irradiated samples are dissolved m a mixture 01 fummg mtrlc acid. 
70% perchlorlc acid and concentrated sulphurlc acid In the prcscncc 
of copper earner solution. The copper m the rcsult~ng solution I\ 
extracted as copper cupfcrronate mto chloroform and back-c\tractcd 
mto concentrated ammonia solution. The copper IS prccipltatcd as 
sulphide wlh 3 ‘4 aqueous thloacctamlde solution and the prccrpltatc 
IS dissolved in nltrlc acid. The Induced actrvlty of copper-64 III the 

resulting solution 1s counted with a 40O-channel analyscr. The photo- 
peak of the anmhdation energy of copper-64 at 0.51 McV IS compared 
with that of a copper standard processed m the same manner. After 
counting, the chemical yield of the separated copper IS found by 
re-lrradlatmg ahquots of the copper nitrate solution and comparing 
the induced activity of copper-66 at 1.04 MeV with that of another 
standard processed m a similar manner. The time required to complctc 
the analysis, including the second irradlatlon and all radIoactIvIty 
measurements, is about 25 min. The accuracy of the method was 
checked by analysing a biologrcal standard of known copper content. 
The proposed method was successfully applied to the detcrmmatlon 
of copper m the leaves of 10 different plants (copper content 4- 
30 ppmh 

Anion-exchange separation of metal ions in dimetbkl sulphoxide- 
methanol-hydrochloric acid: JAMES S. FRITZ and MARCIA LEHOCZK~ 
GILLETTE, Tufarrk~, 1968, 15, 287 (Institute for Atomic Research and 
Department of Chemistry, Iowa State University, Ames, Iowa, U.S.A ) 

Smnmary-_7he effect of dimetbyl sulphoxide on the amon-exchangc 
behavlour of many metals m a methanolic system with hydrochloric 
acid and explored. Distribution coefficients for 26 elements were 
determined m a mixed solvent system of dimethyl sulphoxlde- 
methanoW6M hydrochlortc acid, in which the proportlons of 
dlmethyl sulphoxide and methanol were varied. Lcad(ll) and silver(l) 
complexes are soluble in this system. Interestmg effects here noted 
for gold(III), iron(III), molybdcnum(V1) and uranium(V1). As a 
measure of the usefulness of the systems studied, 27 amon-exchangc 
separations of two- to four-component mixtures of metal Ions were 
carried out, each with quantitative results. 



AuHoTarluu CTaTen 

BbICTPOE OIIPEJJEJIEHIJE MEA11 B PACTEHMRX 
METOAOM HE~TPOI~HOAKTIIBALJtiOHHOI’O 

AHAJIH3A: 

APOSTOLOS P. GIUMANIS, Talanta, 1968, 15 279. 

Pe3IOW--Pa3pa6OTaH 6blCTpbIti u HeCJIO~UbIfi MeTOn AeflTpOHHO- 
aKTuBaquoHHor0 aHanu3a H~FI 0npezeneHuH ivenu B nuc~b~i~ 
paCTeHut. 06JIyqeHHbIe npodn PaCTBOpRIOT B CMeCu AbIMHqeti 

a3OTHOn KSICJIOT~,70%THOftXnOpHOn KuCJIOTbtU KOHI&eHTpUpO- 
BaHHOfi CepHOfi KuCJIOTbI B IIpuCyTCTBUu paCTBOpa-HOCuTeJIR 
MeAn. MeA U3 IIOJIy~eHUOrO paCTBOpa u3BJIeKaH)T B @OpMe 
Kyll@eppOHaTa MeAu XJIOpO@OpMOM u BTOpWIHO U3BJIeKaIOT 
KOHQeHTpUpOBaHHbIM paCTBOpOiv1 ClMMWaKEl. MeAb OCWAaIOT B 
@OpMe CyZIb@IAa 3% THbIM BOAHbIM paCTBOpOM TuOaqeTaMUAa, 
a OCaAOK PaCTBOpRIOT II a30THOa KuCJIOTe. I'fHAy~UpOBaHHyIO 
aKTuBHOCTb MeAu-84 B llOSy=IeIIHOM PaCTBOpe C9IlTaIOT Ha 400- 
KaHanbHOM CwTw~Ke. Q~TO~UK aHepruu yHWITO?KeHuH MeAu-64 
upu0,5l~aBCpaBHHBa~TCnUKO~lUO~y~eHHbIM~aO6pa60TaHHOM 
TaKuM Hle o6pa3oM 3TaJIOHe Menu. nOCJIe WeTa XUMlWeCKU~ 

BbIXOA BbIAeJleHH0i-i MeAH nOJIy%IOT BTOpUYHbIM 06nyseHueM 
aJIUKBOTHbIX saCTea PaCTBOpa UUTpaTa MeAM U CpaBHuBaHUeM 
UH~y~UpOBaHHOt3HeprUUMe@l-66IlpU 1,04~~3BCaKTUBHOCTbIO 
ApyrOrO o6pa6oTaHHoro TaKUM iiCe 06pa30M 3TanOHa. ripOAOJI- 
HCUTeJIbHOCTb KOMllJIeTHOrO aHaJIU3a,BKJIlO9aR BTOpU'IIIOe 06ny- 
qerikle II Bee u3MepeHuR pa~uoaKTuBHoCTu 0~0~10 ~~MUH. 
To~uocTbMeTo~aucnnTanaHanpunrepe6uonoru~ecKoro aTanoHa 

C 3HaKOMbIM COAepmaHUeM bfeAU. npeAJlOWeHbIM MeTOAOM 
yClIeLI.IHO IlOJIb3OBaJIUCb AJXH OIIpeAeneHUH MeAU B JIUCTbRX 10 

pasnusenx pacTeHuW,co~ep~aIo~ux 4-30 MKr/r MeAll. 

AHBOHOOBMEHHOE PA3flEJIEHkIE IIOHOB 
METAJIJIOB B PACTBOPAX AAMETMJICYJIbQOKCBAA, 

METBJIOBOFO CIIMPTA I4 COJIFIHOti ICiICJIOTbI: 

JAMESS.FRITZ and MARCIALEHOCZKYGILLERE Talantrl, 1968,15,287. 

PeWMe-&CJIeAOBaHO BlIuRHUe AUMeTUnCynb+OKCUAa Ha aHuO- 
HOO6MeHHbIe XapaKTepUCTuKU PHAa MeTaJInOB B CUCTeMeMeTUJIO- 
BOrO CIIHpTa U COJ'IHHOt KUCJIOTM. GIIpeAeneHbI K03+jUi~UeHTbI 
paCIIpeAeJIeHUR 20 3JleMeMTOBBCUCTeMe AUMeTUJICyJIb+OKCUAMeT- 
UJIOBbIfi cnup~-O,BM COJIRHaH KUCJlOTa, B KOTOpOM BapbIpOBaJIU 
OTHOIUeHUe ~UMeTU~CyJlb~OKCU~au MeTUJIOBOrO CIlupTa. B 3TOft 
CHCTeMH paCTBOpUMU KOMIlJIeKCu CBUUUa(II) U cepe6pa(I). 
HHTepecHMe a@@eKTbI 06HapyHteHbI B cnyrae aonoTa(III), 
meneaa(III), MOJIU6AeHa(VI) u ypaHa(VI). qTO6b1 uOKa3aJIaCb 
uOJIe3HOCTb u3y'feHHnX CUCTeMr IIpOBeJIOCb 27 aHUOH006MeHHbIX 
pa3AeJIeHttU AByX- A0 ~eTb1peXKOMIIOHeIITIIblX CMeCefi UOHOB 
MeTaJIJIOB, C IlOJIyqeHUeM KOlIUrleCTBeUKbIX pe3yJIbTaTOB. 



Summarm for card mdexcs 

Die Anwendaag van Kompkxbildaern in der polaregrapltkka Analyse 
awgaakher Ve&&duagen-XIII. PoIarqppbeben Verhalten der 
Kompkxverbiadungen des Maqtaas mit Maonit: JAN IhtEzu und 
OSWALD GISRTLER, Tuhntu, 1968, 15, 299 (L.ehrstuhl fdr analytische 
Chemie, Karls-Universitilt, Prag, Tschechoslowakei.) 

Summary-The formation of manganese-mannitol complexes m 
alkaline solution has been studied polarographically, and it has been 
shown that manganese(R) hydroxide IS oxidized by oxygen or hydro- 
gen peroxide to the brown manganese(III)-mannitol complex and 
then to the red manganese(IV)-mannitol complex. At the dropping 
mercury electrode, the manganese(III)-manmtol - manganese(lV)- 
mannitol system is reversible, with El/, = -0 375 V. The probable 
reaction mechanism is discussed. Manganese may be determined 
polarographicaliy in the presence of a 20-fold excess of copper in a 
solution 3M m potassium hydroxide and 05U in manmtol, at concen- 
trations down to lo-‘M. When the solution also contains ethylene- 
diimine (05M), interferences from cobalt and iron(III) are removed. 
The El/* values for 21 cations m this electrolyte are reported. The 
method has been applied to the determination of manganese m dolomltes 
and slates. 

Extmetion of titanho gallate into tMtwetylemine and it8 apeetw 
photonwtrk -: V. T. A=vm KULUMAM R. K~~~RRA- 
MURTIIY and C%. V=mfiu, Tukmru, 1968,15,315 (Analytical 
Division, Bhabha Atomic Research Centre, Trombay, Bombay-74, 
a) 

Swnmary-Ektraction of titanium(IV) gallate species into tri-iso- 
octylamine WOA) has been studied to develop a spectrophotometric 
method for the determination of titanium. The behaviour of common 
ions, under the conditions for quantitative extraction of titanium, is 

“p”f”d 
. Examples are given of application of the method to analysis 

o steels, reactor-grade thoria, and silicate rocks. 

CalmagiteasaspeetropbotomeMc~tfor-: COLIN 
wOODWARD and HHNRY m Z&nZu, 1968,15,321 went 
of Chemistry, University of Arkma, Tucson, Arizona 85721, U.S.A.) 

Swmmuy-Calma~te is proposed as a sensitive spectrophotometric 
reagent for aluminmm. c~7om~ - 42000. After aqueous phase reaction 
at pH 8.6, the metal-reagent complex is extracted into chloroform by 
formation of an ion-association complex with a quaternary ammonium 
salt. The method is free from interference by common anions, and 
cationic interferences may be eliiinated by the use of cyanide and 
EDTA as mashing agents. 



,\HUOT~llU CTaTeLI 

MClIOJIb30BAHME KOMIUIEKCOOBPA30BATEJIE~ 
B AHAJIHBE HEOPl-‘AHHYECKkIX COEIIEIHEHB%~ 

l-IOJIRPOI’PA@BYECKBM METOAOM:-XIII. 
IIOJIRPOI’PA@B~ECKA~ XAPAKTEPLICTBKA 

KOMIIJIEKCHbIX COEAMHEHH$i MAPl-AHUA II 
MAHHZITA: 

JAN DOI&AL und OSWALD G~~IZER, Tahta, 1968, 15, 299. 

PeaIoM~06paaoBamie KOMUJIeHCOB MapraHqa-MaHHKTOJIa B 

rqe~owionapamBope nayseno nomporpa@wecm, ii ycmnoBneri0, 
YTO HKCJlOpO~ BJIK UepeKHCb BOAOpOEa OKKCJIfieT I'KRpOOKKCb 
MapraHlJa(u)K KOpH¶HeBOMyKOMUJleKCyMapraIiUa(~I)-MaHHK- 

TOJlaEI 3aTeMKKpaCHOMyKOMUiIeKCy MapraHlJa(IV)-MaHHUTOJla. 
~pHKaUe~bHOMpTyTHO~l3~eKTpO~eMapr~eU(~~~)-MaHHKTO~-c 
MapraHeq(IV)-MaHHETOJICKCTeMaO6paTHMa,UpK El/* = -0,375 
V. 06cyxqaxoT BoaMoaHbxfl XOJJ peasqrin. MapraHeq OnpeAenfim 
noaFiporpa@vfecKm MeTOAOM B UPHCYTCTBMII 30 KpaTHOrO 
H36brrKa MeAK B paCTBope 3M B rWApOOKElCK KaJlKfi K 0,5M B 
M~HHUTOJW, a nptr KoHUeIITpaLUsrrx ~0 10-&M. Bnmme 
KO6aJ'UsTa M SKeJIe3a(III) yAa.WIeTCfI AO6aBJreHUeM paCTBOpy 

3TKJIeH~KaMHHa (0,5M). Coo6IqeHbx BeJIEIYIiHbI Elh AJIR 21 
KaTSiOHOB B 3TOM 3JIeKTpOJIKTe. MeTOJJOM UOJIb3OBaJIHCb AJIfI 
0UpeAeneHKH MapraHqaB A~JIOMKT~X II cna~qax. 

3KCTPArHPOBAHtIE l-AJIJIATA TBTAHA(IV) 
TPMM3OOKTWIAMMHOM II EI’O OI-IPEAEJIEHBE 

CI-IEKTPO~OTOMETPWIECKBM METOAOM: 

V.T.ATHAVALE, KULUMANI R.KRISHNAMLIRTHY andC~. VENKAW- 

WNUU, Talanta, 1965. 15, 315. 

Pearoru~Elayse~a awrpaqm ramaTa mfxuza(IV) Tpunao- 
OKTEl~KHOM(T~OA)CUe~IbIopa3p360TaTb CUeKTpO@OTOMeTpK- 
necKH# MeTOAonpe&eJIeHKRTUTaHa. CooGqexiaxapaKTepacTwKa 
06blKHOBeHHblXKOHOBByCJIOBPFlXKO.?K'IeCTBeUHOrO WJBJIeqeHKR 
wTaHa. &SIIA Up~~epb~ KcnonbaonaUKn MeToAa &WI axazKaa 

CTane8, OKKCK TOpKR peaKTOpHOii PKCTOTbI K CHJIKKaTHbIX 

rOpHbIX UOpOA. 

KAJIMAI’IIT B KA9ECTBE 
CIIEKTPO0OTOMETPWIECKO~0 PE_41‘EHTA AJISI 

AJIIOMMHMFI: 

0x1~ WOODWARD and &NRV FRECSER, Talanta, 1968, 15,321. 

bmom-hmfarm npe~no%ea B KaqeCTBe YyBCTBnTenbHOro 
ClleKTpO~OTOtdeTpEf~eCKOrO peareHTa AJlfi aJUOMEIHUFI, &giO_p = 
42000. nocne peaKIwi B BOAHO~~ 4aae npr! pII S,6 KoMnneKc 
wrann-peareHT 3KcTparKpyloT xnopo~op~om, o6paaoBaUKeM 
HOHOaCCOUA~SiOHHOrO KOMUJleKCa C COJIblO 'IeTBepTH=lHOrO 
eJdMOHWeBOr0 OCHOBaUKR. 06bIKHOBeHHbIe PHKOHbl He MeUIaIOT 

0npeAenemm , a BJISifIHEe K3TKO~OB UCKJIWiaeTCH KCUOJIb- 

80BaIiHeM XJUUHKAKOHa K BATA B KaseCTBa MPCKKpyIOU.WX 

arBHTOB. 



Summaries for card Indexes Vii 

Determination of nitregen in an alumiaium-killed steel by an isotope- 
dilution method using APN: KEIICHI FURUYA, SHOKXIRO OKUYAMA, 
TAKASHI TACHKAWA and HIT~SHI KAMADA: Tuhtru, 1968. 15, 327 
(Faculty of Engmeering, University of Tokyo, Bunkyo-ku, Tokyo, 
Japan.1 
So-Nltro~ in an aluminium-~11~ steel was determined by 
an lsoto~dilution method using synthesized aluminium nitrzde 
enriched with I&N. The results were in agreement with those obtained 
by chemical determination, whereas the vacuum fusion method with 
lf~n and platmum baths, and the isotope-dllutlon method usmg 
gaseous 16N-enriched ntrogen, did not give accurate results. 

Rapid visual complexbuetrlc titration of arlehnn in natura1 waters: 
B. FRET, SUE-WIN and T. S. WEST, T&MU. f968,15,333 (Chemistry 
Department, Imperial College, London, S.W.7, U.K.) 

Sammary-_Viual compleximetric methods for the titration of calcmm 
in the presence of magnesium have been based either on masking the 
rna~~i~ or using an mdzect indicator procedure, e.g., the system 
Zn-EGTA-Zincon. In the proposed method these two approaches 
are combined. Zn-EGTA complex is added to the mixture and the 
zinc liberated in the calcium replacement reactlon IS titrated with 
EGTA after the magnesium has been masked with fluoride ion. 

A.aioa-sxdamge khavlour of the platfaam metals and gold in hydrochloric 
pddorsrnic solvent m&la: J. KORKISCH and H. KLAKL, Tahnta, 
1968, 15, 339 (Analytical Institute, University of Vienna IX, 
W%hringerstrassc 38, Austru~) 

S---The anion-exchange characteristics of the platinum 
metals and gold in hydrochloric acid media are described. The 
~~ibution coeiBcie@s of these elements were measured on the 
strongly basic anion-exchange resin Dowex 1 x 8 in mixtures of 
hydrochloric acid with water and several organic solvents, i.s., 
dunethyIformamide, acetone, tetrahydrofuran, dtoxan, methanol, 
acetic acid and pyridine. Based on these data the conditions most 
suitable for quantitative separhtion are indicated and discussed. 



vrri 

OIIPEflE,?EHLIE ABOTA B J‘CllOKOEHHOtl 
AJ?IOMIIMHMEM CTAJIII METOaOaI PA3BABJIEHWI 

Z130TOlIOB, l-IOJXb3YIOB@iMCII C Al’%: 

KEIICHI FURUYA, SHOKHIRO OKUYAMA, TAKASB TACHIKAWA and 
HITCSEII KAMADA: TQ~QMQ, 1968, 15, 327. 

PCJIOM~-A~OT B ycnoKoeHAofi amOMuHHeM CTamI onpe~enmu 
MeToaoM paa6aBJIeKufl WJOTOIIOB, nonbayncb clIHTeaBpoBaKHbnu 

IfIfTpIja0~ a.rIH)MuHIjZf,oFjorarrleuHnM~~~N. l2o~yserrme pesynb- 
T;tTbI cor~a~a~mcb c pc3y"ujTaTama ~O~Y~~I?H~M~i XMMwIeCKIiM 
~~o~onj, HO xe~oz rmamems B BaHyysfe c siienemot u ma- 
T~1~0~0B6a~ff~~u1r~ie~o~pa363~~e~~~ff~x30Touo~,~O~b3y~~u~CX 

ra3oo5paaKbIM o6orauwInw c '6N a3OTOY He naxl;I TO'iHhIe 
pe3y.'IbTaTbI. 

BMCTPOE BH3YA,?bHOE JCO~lln[;IEliCOI-IONETPLf- 
WKKOE TIITPOBAHIlE KAJlbqIlfI B IIPHPO~HbIX 

BOAAX: 

B. FLEET, SOE-WIN and T. S. WEST, Tf?hfa, 1968,15,333. 

P~~~~B~~ya~bI~~e IiOM~~eKCOHO~~eTpIIrIeCI(lle ~CTO~~T~PO- 
RaJiuR Ka3IbqHSS B RpuCyTCTBuIi MBrlIEIR OCIIOBblElaIOTCR nn60 Ha 
MacKaposaKwM MarlIIIfi nlir60 Ka npoqegypa nonboyKnuetcfl 
nenpffM~ar~ay[uKaTopoM,~anp1~~1epc1~c~e~i~~n~~~~-~EIHKOH. 

npezJroweIuIr& MeTo& HoMGnIIApyeT 3TlI asa npaHlwIa. CMeCH 
xo6aBnmoTZn--3l?TA KoMn~eKG,aqu~~,nI~I~e3IeHHraR~peaKquIl 
06sxeiia KaJIbqIfR, T~T~YIOT c afT_4 nOcJIe bjac~z~po~anu~ 

MarHuff @TOpH~i~OHOM. 

A~~~~O~IOOB~~II~IbIE ShPAKTEPHCTAKH 
~~AT~HOBbIX M~TA~~OB tl 30JIOTA B PACT- 
BOPAX CO,‘ffiHOfl KMC..‘IOTbI M ~PrAH~X=~EC~~X 

PACTBOPWI’EJIEfi: 

J. KORKLSCH and H. KLAKL, Talanra, 1968, 15, 339. 

Pcaror+Onacarm aHuoHoo6~euI~~e ~apaKTepuc~K~ mamffio- 
~bxx ~eT~~0~ u BojloTa B co~~~~o~~~~x cpenax. O~pe~e~eH~ 
Ko3f#+iqsfembl pacnpeJ.le3eansr ~TI~X 3zxeMemoB Iia cbmbffoocHoB- 
&ioti aIUIoKOO6MeIIHOU CMOJIO AayeKC 1 X 8, B cnmux COnUHOt 
HIIMOT~I, BOA~I u pfiaa opramwecmx pacmopmeneti: flataemn- 
@opnfamuna, aU(eToHa, TeTparunpo@ypawa, ~uoKcaHa, nfemno- 
BO~O CIDipTa, yKcyct10ll KMCS~OT~I u napluama. Ha oc~o3aIiuu 
3~s~x~a~tIHxoT6pa~bauo6cy~~e~~ca~l~e~O~o~~~IicyC~OBll~ 
am Konu~ecTBerwioro pa3geaemsx. 



Summaries for card Indexes ix 

Argentometric coulometric titration of thioacctamide: D. M. KING and 
W. S. EATON, Tahfa, 1968. 15, 347 (Department of Chemtstry, 
Western Washmgton State College, Bellmgham, Washmgton, U.S.A.) 

Summary-The coulometric dctermmation of thioacctamrdc (TAA) 
with electrogenerated silver is described. The titration IS done in a 
solution O*lM in both ammorua and sodmm hydroxide, and the end- 
pomt 1s detected potentiometrically with a silver-sdver sulphtde 
electrode. On repeat analyses of approx. 2-mg samples of TAA an 
average. error of -@4x (relative standard deviation 0 25%) was 
obtamed. Important steps m the procedure include cleaning the silver 
generating electrode m mtric acid before each tttration, purgmg well 
wtth rutrogen to remove oxygen, and not usmg too large a sample. 

Oxidation of some sugars with copper(lII): S. CHANDRA and K. L. 
YADAVA, Tahta, 1968,15,349 (Chemical Laboratories, Umversity of 
Allahabad, Allahabad, Indra.) 

Summary_-The titrimetric determination of glucose, fructose, mannose, 
galactose, arabmose, xylose and sucrose wrth potassmm dttellurato- 
cuprate(III) IS described. On heatmg, pentoses and hexoses consume 
20 and 24 equivalents of copper(III) per mole respectively, and sucrose 
consumes 48 equivalents. 

Spectrophotometric titration of bismuth with EDTA: N. A. RAMAIAH, 
G. D. TEWARI, S. R. TRIVEDI and SARVAGYA S. KAnvAR, Talanta, 
1968,15,352 (Department of Chemistry, Indian Institute of Technology, 
Kanpur, India.) 

Summary_-A new spectrophotometric method for the estimation of 
bismuth with EDTA, using iron-salicylate complex as the mdtcator, 
has been developed. The determmations were carrred out by measurmg 
the absorbance at 520 m,u of solutions contaming bismuth, rron(III), 
salicyhc acid and various quantities of EDTA, at pH 0.5. It has been 
shown from the stability constants of the complexes present that before 
the end-point iron0 will not react appreciably with the Bi-EDTA 
complex. The interference from iron0 in the estimation of bismuth, 
which is a serious drawback in many other methods, is eliminated in 
the present method, as iron(III) acts as the indicator. 



API’EHTOMETPkf~ECKOE KYJIOHOMETPMYECKOE 
TMTPOBAHElE TBOAIJETAMH,IJA: 

D. M. Kpra and W. S. &TON, Tulu~fu, 1968, 15, 347. 

Pesionf~rIK~0 ~~oHox~~~cKoe fxtpemxerrsm THOaqeT- 
amxa (TAA) c anempomrHsecKH reHepr;rposaHHnN cepe6pomn. 
TET~~~HR k&nxonHeaa B pacmope coxepHtameM 0,lM ammaKa 
H rsixpoomca HaTpHR, a ~oaeq THT~OB~ARHH o6HapymeK HoTeK- 
woMeTpHsewmf M~TOAOM, c mnonb80BaHHeM 3neKTpoxa cepe- 
6pocynb~~ cepebpa. B IIOBTO~H~IX axamaax npo6 OT 
npH6~H~~e~Ho 2m TAA HomeHa opemm om6Ka -04% 
(OTHocHTeHbxaHmaH~apTHwfoimi6xa0,26%). BamHmmoHepa- 
qHmiH nnH ycnemaoro TxTpoBaHm mmwrc~ 0qHcTHa cepe- 
6paHoro reaepapymuero ajIeKTpoaa B a8oTHott ~HcnoTe ripen 
H@KJ@JM THT~OB;LHHeM EI IIpOnyBKa peCTBOpa Z3OTOP AJIR 
yxazetrm 2mcnopoga; 
npobbt. 

Rpomrre Tore ne Hazo OTdsipaTb 6onmxe 

OKBCJfEHElE HEKOTOPbIX CAXAPOB MEJ’JbIO(II1): 
S. CIUNDRA and K. L. YADAVA, Tduta, 1%8,15,349. 

Peaom-Onacazzo TwcpmeTpHsecKoe 0xpeAeneHHe rnrOKoebr, 
~pyKToe~,~a~H08hI,r~aKT08~,apa6~~~03bl,KcHnoahlncaxaposn 
p;raTeJIJIypaTOKyllpaTOBf(IU[)KWIHH. npHAal'peBaRHH IIWlTOWG A 
lWWCO3bI HOTpeCiWIOT 20 H24 aHBBBJIeHTOB MWH(III) Ha MOnb, 
COOTBeTCBCHHO,aCaXapO8a ROTpe6aSieT 48 SHBHBaneHTOB 

CIIEKTPO~OTOMETPB9ECKOE TLlTPOBAHHE 
BLlCMYTA C BATA: 

N. A. RAMAIAH, G. D. TEWARX, S. R. TRIVEDI and SARVAGYA 
S, K+YTIYAR, T~kztu, 1968, 15, 352. 

Pesmx*Paapa6oTaH HOBM~~ cHeKTpoi#oTove~pH~recKMB reTon 
OIfpeReneAHK Y3ElCMyTa C BATA, IIOJIb8ymIi?II8Cfi KOMnneKCOM 
meneaa w ca~~~qrr~~o~oti ~lilcao~b~ B Kaqecme HHmKaTopa. 
OnpeneneHHHnpoBonanHHsxepeHaeKcH~onor~o~eHx~npH620 
MMK pacTaopoa coEepsarolqtrx ~Hc~~,~teneso(~),canHrluno- 
ByIO KECJIOTy H passiirsHMe KO~~TBa aAT& HpH Ph0,6. 
~OHCTaHTIS yCTO#YHBOCTH npHCyTCTByIOX4HX KOMHJIBKCOB HOKSL- 
mm 9~0 nepen nonysemferd Kotiqa mcposamm Hteaeso(III) 
pearupyeT TonbHo B ~ea~awrmb~oit Mepe c Homnemolld Bi- 
3nTA. Bnwmme meneaa(III) ma onpexeneme mcqra, ripe- 
~cramarorqee codo# cepbeaxblrfi ReltomaToK pmanpyrwx m?ToEoB, 
Sei%ZHyTo B eTOY ?deTOgeM IIOTOMy PTO ~ene~O(I~)~~HT B 
Kaqecm3e azxmmaTopa. 



iv Publications received 

results of the newer spectroscopic techniques is a particularly praiseworthy feature. For the 
teacher there is a companion volume “Supplement for Modern Organic Chemistry” (pp. 525; 
325) which contains the answers to the problems, with further discussion where necessary. 

Hormone Chemistry: W. R. Burr. Van Nostrand, London, 1967. Pp. xvi + 397. 7%. 

Pnrlflcation of A&o&rile and Tests for Impurities: J. F. COETZEE. Butterworths, London, 1967. 
Pp. 7. 3s. (Reprint of Pure and AppIied Chemistry, 1966, 13 (_3), 429-435.) 

Preparation of Anhydrous Etbylenediamine: L. M. M~~HEXJEE and S. BRUCKENSTEIN. Butterworths, 
London, 1967. Pp. 6. 3s. (Reprint of Pure and Applied Chemistry, 1966,13 (3). 421-426.) 

NOTICES 

U.S.A. 

30 June-5 July 1968, The First Iateraational CODATA Conference on the critical evaluation of 
numerical property values in the physical sciences will be held at Amoldshain in the Taunus Moun- 
tains near Frankfurt/Main from 30 June to 5 July 1968. This Conference will be under the auspices 
of the Committee on Data for Science and Technology (CODATA) of the International Council of 
Scientific Unions (ICSU). It will be run along the informal lines of the Gordon Conferences in 
the U.S.A. and the EUCHEM Conferences in Europe. The General Chairman of the Conference will 
be Prof. Dr. W. Klemm, Vice President of CODATA and recently president of IUPAC. 

CODATA is a committee of ICSU started in 1966 to stimulate and coordinate informally on a 
world-wide basis the rapidly growing effort to collect, evaluate, compile and publish the evaluated 
numerical data of science and technology. Six major countries (France, Germany, Japan, U.K., 
U.S.A. and U.S.S.R.) and eleven International Unions of ICSU are represented on the committee. 

Information and application forms to attend the meeting may be obtained from Dr. Guy 
Waddington, Executive Director, Central Office, CODATA, c/o National Academy of Sciences, 
2101 Constitution Ave. N.W., Washington, D.C. 20418, U.S.A. 

DEUTSCI-IE DEMOKRATISCHE REPUBLIK 

18-20 September 1968, OPtkscbe SPektraIanaIyse. Das Institut ftlr analytische Chemie der Techni- 
schen Hochschule fur Chemie “Carl Schorlemmer” Leuna-Merseburg veranstalst vom 18-20 
September 1968 eine Tagung xum Thema 

“Optische Spektranalyse” 

In Plenar- und Diskussionsvortr%gen sol1 insbesondere die Bedeutung der Intensitiit als Stotfkonstante 
und als analytische MdgriiBe in den verschiedenen Bereichen des optischen Spektrums behandelt 
werden. Dabei stehen im Vordergrund methodische Forts&r&e und neuere theoretische Erkenntnisse 
der Atomspektroskopie (neue Anregungsquellen, Atomabsorption), der Molektilspektroskopie (IR- 
und UV-Spektroskopie) und such allgemein interessierende, mit der Intensitiitsmessung zusammen- 
hiingende metrologische Probleme. 

Anmeldungen ftir Diskussionsvortriige (Zeit 20 mm) werden mit kurzer Inhaltsangabe in doppelter 
Ausfertigung bis 1.3.1968 erbeten an 

Institut ftir analytische Chemie 
der Technischen Hochschule ftir Chemie 
“Carl Schorlemmer” Leuna-Merseburg 
42 Merseburg (DDR) 
Geusaer St&e 

Anmeldungen ftir die Teilnahme an dieser Tagung mtissen bis Qt.1968 vorliegen. Alle weiteren 
Einxelheiten (wissenscbaftliches Programm, Damenprogramm, orgariisatorische. 
Interessentenmeldungen gelten als Anmeldung und werden bertlcksichtigt. 

Bisher eingegangene 
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PAPERS RECEIVED 

Homogeneous nucleation of bis(l,2-cyclohexanedlonedioximato)palladium(II): J. A. VELAZQUEZ and 
0. E. HILEMAN, JR. (15 January 1968) 

Molybditn(VI)-Hydroxybunin-Komplexe-III. Die chelometrische Bestlmmung von Molybdiin als 
terniirer MolvbdUVDHvdroxvlamin-ADTA-Komnlexe und Veraleich des Verfahrens mit der 
bereits bekannten Titriermethodk von Molybdiin(V) mit WTA: E-&c LA~~NER and HARTMANN 
SCHEDLE. (22 January 1968) 

Determination of scandium in sea-water by atomic-absorption spectroscopy: YIU-KEE C&u and 
PVI-YIJEN WONG. (23 January 1968) 

Extraction with tributyl phosphate and direct spectrophotometric determination of molybdenum ln the 
organic phase: MARIO CAIOZZI M. and HUGO Zu~mo V. (24 January 1968) 

Applications of enxyme-catalyxed reactions in trace analysis+III. Determination of silver and thiourea 
by their combined inhliition of invertase: D. MEALOR and A. TO~N~HEND. (25 January 1968) 

Coulometric titration of acids in non-aqueous solvents: J. S. FR~Z and F. E. Gm. (25 Jumury 1968) 
Estimation of neodymium with aluminum by high frequency technique: G. V. SHIV- and N. D. 

JOSHI. (26 January 1968) 
Detetmination of aluminilrm by plutonium metal by differential linear-sweep osclll~phic polarography : 

C. E. PLOCK and J. VASQUEZ. (29 January 1968) 
On the possibility of using an electromagnetic radioisotope separator in conjunction with charged 

particle and photon-activation analysis: E. A. SCHWEIKERT. (30 Januury 1968) 
Spiking of low-grade ore samples in nondestructive activation analysis for gold and uranium: P. W. 

DE LANGE, W. J. DE WET and J. H. VENTER. (30 January 1968) 
Pobwographic investigation of syn-phenyl-2pyridyl ketoxime: L. W. HARRIsoN and G. E. CHENEY. 

(30 January 1968) 
Synergic effect in ion-exchange in mixed-solvent medii: J. SUB- AM and M. N. Sm. (1 

February 1968) 
Distillation and diffusion methods for the separation of fluorine: JAN Tut. (5 February 1968) 
Extension of sensitivity of the determination of molybdenum and tungsten in niobium and tantalum: 

S. KALLMAN, E. W. HOBART and H. K. OBERTHM. (6 February 1968) 
Extraction method for determination of zinc@) with dithixone in the presence of lead(D) and cadmium(II) 

with dithiocarbamlnoacetic acid as masking agent: 0. BUDEVSKY, E. RUSSEVA and R. STOYTCHEVA. 
(6 February 1968) 

Interference of the ammonium ion in Mohr’s method for the determination of chloride: ERKKI W-N. 
(6 February 1968) 

Photometric determination of palladium with dimethylsulphonaxo III: B. BIJD%N~K$ and B. MENCLOV.&. 
(7 February 1968) 

Prone&s of zirconium comnomuls likelv to be of interest to the analytical chemist: WARREN B. 
BL~MENTXAL. (8 Februu& 1968) - 

Determination of silver by polarography in a solvent composed of dimethylsulphoxide, water, and 
hvdrochloric acid: I. Bmze. L. W. MARPLE and H. DIEHL. (8 Februurv 1968) 

Cat&t-exchange separation of metals in dimethylsulphoxid~aqueous hydrochloric acid media: I. 
BIRZE, L. W. MARPLE and H. DIEHL. (8 February 1968) 

Inorganic analysis in organic solvents-III. Quantitative relationships ln the solvent extraction of 
chelates: F. R. HABA and D. A. PANTONY. (9 Februury 1968) 

Eine neue Mikromethode der photokolorimetrischen Bestimmuug des Bi(IlI) mittels des n-phenyhunlno- 
thioformyl-N’-phenybunino-thioformylhydraxins: L. ROMAN, EUGEMA FURFAN and P. MARCU. 
(9 February 1968) 

Mass spectra of some bivalent transitio~metal ion chelates with pyridylaxo-phenols and naphthols: 
D. BEITERDDGE and D. JOHN. (9 February 1968) 

Liquid-liquid extraction of selenium(IV) as its bromide into benzene: K. TANAKA. (12 February 1968) 
Determination of vanadium in ore samples by atomic-absorption spectrophotometry: RAFAEL Goscxs. 

(12 February 1968) 
Solubility product of cadmium sulphide: R. BELMER, J. P. C. FARR and A. TOWNSHJND. (13 February 

1968) 
Spectrophotometric determination of iodide ions by solvent extraction with Crystal Violet: Y. YAMAMOTO 

S. UCHIKAWA, E. Smmm~~ and K. A-RI. (13 February 1968) 
Mixing etllciency and instrumental delay effect on recorded kineticf(c) us. t curves: MAIJRI~IO CA~ELLI 

ALBERTO CAVAGGIONI and PAOU) PAWFF. (14 February 1968) 
Voltammetric study of molybdenum reduction: V. P. APTE and R. G. DHANESHWAR. (14 February 

1968) 
iX 
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NOTICE 

CZECHOSLOVAKIA 

FIFTH ~DIOCHEMICA~ CONFERENCE: 19-24 May 1969 

The Crzhoslovak Chemical Society of the Czechoslovak Academy of Science, Nuclear Chemistry 
Section, Zvfkov, will organize this conference, the topic being separation methods, especially solvent 
extraction and ion-exchange. The working language is English; any language can be used for 
presentation of a paper, but the full text in English must be made availabt. Further information may 
be obtained from Ing. J. Alexa, C.Sc., Institute for Nuclear Research, R&near Rrague, CzechosIo- 
vakia. 



ADVISORY BOARD OF TALANTA 

K lSSLEI8 (German Democratrc Republs) studted 
chemistry at FrEedrich Schrller Unrversny from 1939 (studtes 
Interrupted by World War II) until 1950 when he obtained 
his Doctorate degree. HIS scientific career began m 1949 
as an AssIstant at the lnstltute for lnorgamc Chemrstry at 
Jena under the drrectlon of Fr Herm; m 1952 he was 
nommated Head Assistant and Lecturer m analytlcat 
chemistry-~rticuiarly chromatography and gas analysrs- 
and eventually became Dozen& In 1960 he moved to Martm 
Luther Umverslty Halle-Watenberg, where he was appomted 
Dlrector of the Institute for Inorganic Chemistry III 1963. 
Professor Isslelb’s mterests are m the field of complex 
chemtstry, especially of phosphorus and antmlony, mcludmg 
structural problems After formatlon of the Analytical 
Chemistry Sectton of the Chemical Society of the German 
Democratic Republrc, he was Its Chairman unttl 1964. 



ADVISORY BOARD OF TALANTA 

The Editorial Board and Publishers of ~u~~n~u take pleasure in weicoming the following new members 
to the Advisory Board of the journal 

E. CERRAI K. ISSLEIB 
M. DIMBAT R. E. SIEVER~ 

R. E. WAINERDI 

Also, they would like to record their sincere thanks for the help given by 
F. E. CRZKHFIELD W. RIEMAN III 
J. 0. HIBBITS E. L. %4ONS 

who retire from the Advisory Board. 

Born in 1924, ENRICO CERRAI (Italy) received his 
doctorate at Piss University in 1949. Subsequently, he 
started research into deuterium separation and measurement 
at C.I.S.E. (Milano), where in 1956 he was charged with 
the organization of the Chemistry and Radiochemistry 
Laboratories. Since 1950 he has also belonged to the 
teaching staff of Politecnico, Milan, which activities earned 
him the title of Professor of Nuclear Chemistry in 1960. 
He has developed new analytical and separative methods of 
various elements, and techniques based on liquid-liquid 
extraction and reversed-phase chromatography. In 1967 
he was appointed General Director of C.I.S.E. 

MARTIN DIMBAT (U.S.A.) was born in 1920 in Oelweir 
a small town in Iowa. He holds an MS. degree from tf: 
State University of Iowa in 1948. Since that time he ht 
been active in analytical research with Shell Developmet 
Company in Emeryville, California. His early war 
culminated in a book entitled “Number Average Moleculr 
Weights” coauthored with F. H. Stress and IL U. Bonna 
Some of the very early development work on gas chromatol 
raphy was done in the Shelf laboratories by Mr. Dimbr 
and coworkers. The past several years have been spent i 
research on the fractionation of polymers and their identil 
cation by pyrolysis-gas chromatography. 



ROBERT E. SIEVERS (U.S.A.) was born in 1935, receiv 
his B.S. (1956) from University of Tulsa, and his M. 
(1958) and Ph.D. (1960) from University of Illinois, whc 
he studied metal complexes of polyaminocarboxylic aci 
under the direction of Professor John C Bailar, Jr. He 
presently Director of the Inorganic and Analytic 
Chemistry Group of the Aerospace Research Laboratoric 
Wright-Patterson Air Force Base, Ohio. For sevel 
years he has conducted research on the gas chromatograp 
of metal chelates. His research interests include ultra-tra 
metal analysis by gas chromatography, stereochemistry ai 
nuclear magnetic resonance spectroscopy of metal c 
ordination compounds, and the resolution and isomerizatil 
of metal chelates. Dr. Sievers presently serves as PI 
gramme Chairman for the Inorganic Division of t 
American Chemical Society. 

RICHARD E. WAINERDI (U.S.A.) is professor of 
Chemical Engineering and Associate Dean of Engineering 
at Texas A & M University. He received his B.S. from 
University of Oklahoma (1952) and the M.S. (1955) and 
Ph.D. (1958) degrees from Pennsylvania State University. 
After attending the Oak Ridge School of Reactor Technology 
1955-56, Professor Wainerdi came to Texas A & M to 
develop a nuclear programme for the University. He 
established the Activation Analysis Research Laboratory in 
1957, and has been working in the areas of automated 
computer coupled activation analysis including mini- 
aturized systems since that time. His special interests are in 
applications of nuclear activation analysis to problems of 
biochemistry, geochemistry and metallurgy, as well as basic 
methodology research. 
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PUBLICATIONS RECEIVED 

Coulometry in Analytical Chemistry: G. W. C. MJLNER. Pergamon, Oxford, 1968. Pp. 207. Hard 
cover 30s. Flexi-cover 21s. 

This is an excellent introduction to the subject, which should be of value to senior under- 
graduates and to all chemists who feel that coulometry might be of use to them. A good choice 
of reprinted articles describing the development of this branch of analytical chemistry forms the 
second half of the book. A comprehensive literature survey is presented in tabular form. There 
are chapters on Theory, Constant-current coulometry, Controlled-potential coulometry, Appli- 
cations, and Coulometric titrations. 

Introduction aux m&odes Blectrochimiques: Ed. J. ROBIN. Masson, Paris, 1967. Pp. 357, Fig. 225. 
Soft cover 65 NF. 

This volume is a collection of articles originally written as part of a refresher-course on 
electro-analytical chemistry given in Lyon in 1964 and 1965, and now revised for publication 
in this text. The book consists of two parts, on voltammetry and polarography, and chapters 
cover these fields comprehensively, dealing with theory, instrumentation and techniques, and 
applications. The text is well illustrated, and can be recommended for senior undergraduates 
and all chemists interested in electro-analytical techniques. 

La catalyse au laboratoire et dans l’industrie: Ed. B. CLAUDEL. Masson, Paris, 1967. Pp. 330, Fig. 
110. Soft cover 60 NF. 

This text contains the basis of the course on catalysis offered at the National Institute for 
Applied Sciences at Lyon. There are main sections on Mechanisms of catalytic reactions, The 
study of heterogeneous catalysis, and Practical examples of catalysis in industrial processes. A 
useful advanced text. 

Lipid Chromatography Analysis Vol. 1. GUIDO V. MARINE~I. Edward Arnold, London, 1967. Pp. 
xv + 537. Z&10. 10. 

This book, the first of a two-volume set, presents a very full coverage of chromatographic 
methods in a field where no comnarablv commehensive text is available. It deals with the frac- 
tionation of phosphatides, glycofipids, ieutrd glycerides, fatty acids, alkoxy lipids and of long- 
chain aldehydes by paper, thin-layer, column and gas-liquid chromatography and there are 
chapters on the fractionation of sphingosine and related compounds, on inositol and glycerol, 
on the carbohydrates in glycolipids and on nitrogen bases derived from lipids. The book is well 
written, detailed and should prove of considerable value as a source of knowledge not only on 
major, but on the often more valuable minor, points of technique. It is well produced but rather 
expensive. 

Steroid Hormone Analysis, Vol. 1: Ed. HANS CARS~NSEN. Edward Arnold, London, 1967. Pp. 
xiii + 493. SlO. 10. 

This is the first of two volumes and serves as an introduction to some current methods of 
steroid hormone determination. The content is rather more specialized than the title suggests, 
but should be valuable to research workers in clinical chemistry, although of only limited interest 
to the pharmaceutical analyst. There are chapters on Isotope derivative methods, Infrared 
spectroscopy, NMR, Paper and gas chromatography, Testosterone and steroid conjugates, each 
chapter having a comprehensive reference list. 
throughout the book. 

Every attention has been paid to practical detail 

Statistik in der aaalytischen Chemie: K. DO-L. VEB Deutscher Verlag fiir Grundstoffindustrie, 
Leipzig, 1966. Pp. 211. 

An account of the statistical methods used in analytical chemistry, with examples drawn from 
classical and instrumental methods. Quality control, regression analysis, the usual statistical 
parameters, and calculation methods are all dealt with, and there is a useful German-English- 
Russian statistical vocabulary and a set of tables. 

Calorimetric Chemical Aaabtical Methods. 3 Vols., 7th Ed. Tintometer Ltd.. Salisburv. Eneland. 1967. 
- Pp. 493. f7. 7. 

,I 0 , 

A collection of calorimetric methods of analysis for use with the Lovibond Tintometer, these 
volumes would have been more useful to the practising analyst had wavelengths of maximum 
absorption been given where appropriate. The purchaser is supplied free with any additional 
material issued during the two years after publication. 

vii 
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PAPERS RECEIVED 

Spectrophotometric determhmtion of platinum in experimental catalysts: T. D. Rms and S. R. HILL. 
(28 November 1967) 

Determination of hydrogen peroxide by xenon trioxide oxidation: R. H. IkIEX?BR, J. P. WARRINER and 
BRUNO JASELSKIS. (15 December 1967) 

Uber Eisen(IU)-Komplexe mit Phenolen-I. Reaktion zwischen Eiin(III)-Ionen und Monopkenol- 
derivaten: G. ACKERMANN and D. HE.QX (26 December 1967) 

New chromogens of the ferroin type-II. Pyrido and pyridyl derivatives of phenaxine and quinoxalme: 
ALFRED A. SCHILT and WILLIAM C. HOYLE. (25 January 1968) 

Solvent extraction behaviour of thiocyanic acid: A. JIIRRAANSE and D. M. Kern. (30 January 1968) 

Stability constants of manganese(II) bromide complexes: J. R. FRYfiR and D. F. C. MORRLX (1 
February 1968) 

Application of solvent extraction to the retlning of precious metals-III. Purification of gold: D. F. C. 
MORRIS and M. ALI KHAN. (1 February 1968) 

The importance of Smales’s work for improving the quality of the data of geochemistry: L. H. AHREM. 
(6 February 1968) 

Uranium content of sea-water: R. SPENCE. (7 February 1968) 

Kinetics and mechanisms of the reduction of mercuric chloride by malic acid, induced by potassium 
peroxydisulphate: KRISHNA KUMAR and L. K. SAXENA. (16 Februixry 1968) 

Analytical applications of ternary complexes-VI. Elucidation of mode of formation of sensitixed 
metal-chelate systems and determination of molybdenum and antimony: B. W. BAILEY, J. E. CHESTER, 
R. M. DAONALL and T. S. WEST. (20 February 1968) 

Fall-out monitoring of waters-I. Radiochemical determination of caesium-137 and stronthnn-89, 90 
by ion-exchange: M. SENEGA~IK and s. PAUK. (21 February 1968) 

Phase titrations-A new procedure utilizing a clarification end-point: D. A. DUNNERY and G. R. 
ATWOOD. (22 February 1968) 

Extraction of gallium with tetraphenylarsonium chloride: H. L. FINSTON and M. S. RAIL&IAN. (24 
February 1968) 

Separate determination of sulphates and sulphonates in anionic surfactants: G. W. STR&L and D. 
KURZAK. (27 February 1968) 

Stability constants of some metal complexes of triethylenetetraminehexaacteic acid and complexo- 
metric titration of rare earths and other metals: DONALD A. SOUCEK, K. L. CHENci and HENRY A. 
DROLL. (27 February 1968) 

Redox-complexometric determination of iron and cobalt and its application to the analysis of multi- 
component alloys: JAN HORAEEK and RUWLF PRIBIL. (28 February 1968) 

New use of tetrasubstituted ammonium salts in analytical chemistry: M. PANT~J~EK. (28 February 1968) 

Polarographic study of the substitution reactions of the chelates of triethylenetetraminehexa-acetic 
acid-I. Reaction of the zinc chelate with calcium ions: MIL~SLAV KOPANICA. (28 February 1968) 

Analytical applications of ternary complexes-VII. Spectrophotometric determination of trace amounts 
of palladium(II): R. M. DAGNALL, M. T. EL-GHAMRY and T. S. WEST. (29 February 1968) 

The polarography of arsenic: J. P. ARNOLD and R. M. JOHNSON. (29 February 1968) 
. . . 
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Papers received ix 

Stiiazohidmdu as photometric reagent for scandium: A. I. BUSEV, N. N. BASAROIN and G. E. LUNINA. 
(29 February 1968) 

~~~~0~ of potassimn with alhali metal-heavy metal cobaltinitrites: A. H. I. &N-BK~~AT. (1 
Marek, 1968) 

Semiquantitative determination of nickel, iron and lead on miliipore Biters: RORERT If. BOSSART, 
FFWERIC J. FELDMAN and GARY D. CHRISTIAN. (4 March 1968) 

New spectroscopic method for studying eqailibrium constants and reaction kinetics: R. S. ROY. (4 
March 1968) 

Rapid radiochemical separation of selenium: T. MCGEE, J. LYKH and 0. G. J. B~SWZL. (4 Marck 
1968) 

New chromogens of tire ferroin-type-III. Some 2-substituted benximidazoie derivatives: ALFRED A. 
SCHILT and KEITH R. KLUC+B. (4 Marck 1968) 

Elemental analysis of organo-metallic componnds. Automatic combustion in microdetormination of 
carbon and hydrogen: N. E. GEL’MAN. (5 March 1968) 

Stractme of metal chelates of arsenaxo III, ~~0~ III and sulphonaxo III: B. Bu~i?&rsr~~. (7 
March 1968) 

Evalaation of the lanthanum fluoride membrane electrode response in acidic solutions: N. E. VAN- 
DERBORGH. (7 March 1968) 

Metal complexes of PAR, TAR and PAN: ALFIO Cmmr. (8 March 1968) 

Z,~Dihy~o~ya~toph~~ oxlme as an analytical reagent for tire calorimetric estimatioo of moiyb- 
denum: B. I). GUPTA and WAH~D U. MALK (8 Marck 1968) 

Spectrophotometric determination of timIlium with 4-(2-pyridylaxo)-resorcinol and 4-(2-thiaxoiyIaxo) 
resorcinol: M. HNILIEKOVA and L. SOMMER. (8 March 1968) 

Absorptiometric study of Azo Rhodine 26 as a reagent for palladium(H): J. N. MATHUR and S. N. 
BANERJI. (11 March 1968) 

Phot~e~ic tltrati~XI1. A f~l-~e~on s~~opbotometer: H. FLACWHKA and R. SPEIOHTS. 
(13 March 1968) 

Application of alkylphospboric acids in analytical chemistry. The extraction of gaaliium from oxy-add 
media by mixed solvents: I. S. LEVIN and N. A. BALAKIREVA. (14 March 1968) 

Vanadox-a new reagent for photometric determination of vanadium in complex materials: N. S. 
FRUMINA, I. S. MUSTAFIN, M. L. NIKURASHINA and M. K. VECHERA. (14 March 1968) 
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NOTICES 

LOUIS GORDON MEMORIAL AWARD 

The Editorial Board wish to announce that the Louis Gordon Memorial Award for 
1967 is made to Professor H. J. V. TYRRELL for his paper “End-point Sharpness in 
Thermometric Titrimetry” in Talunta, 1967, 14, 843, which was adjudged the best- 
written, stylistically, of the year. 

PRESS RELEASE 

2nd Symposium on fluorine Chemistry, 1968. The Academy of Sciences at Gottingen 
in cooperation with the Institute of Inorganic Chemistry of the University at Giittingen 
prepares the 2nd European Symposium on Fluorine Chemistry from 28-31 August, 
1968. The Gesellschaft Deutscher Chemiker has taken over the organisation of the 
Symposium. 

Only discussion lectures and no plenary lectures will be presented at the Sym- 
posium. 

Chairman of the scientific committee is Prof. Dr. 0. Glemser, the president of the 
Academy of Sciences at Gijttingen. Further material for participation in the Sym- 
posium and for submitting discussion papers (only until 15 May, 1968) may be asked 
for at Dr. W. Fritsche, Gesellschaft Deutscher Chemiker, 6000 Frankfurt (M), 
Postfach 9075, Germany. 

PRESSENOTIZ 

2. Europiiiscbes Fluorsymposium, 1968. Die Akademie der Wissenschaften zu 
GGttingen veranstaltet in der Zeit vom 28-31 August 1968 gemeinsam mit dem 
Anorganisch-Chemischen Institut der Universitgt Giittingen das 2. Europaische 
Fluorsymposium. Die organisatorische Vorbereitung des Symposiums hat die 
Gesellschaft Deutscher Chemiker tibernommen. 

Auf dem Symposium sollen keine Plenarvortrage, sondern ausschliel3lich Dis- 
kussionsvortrage gehalten werden. 

Den Vorsitz des wissenschaftlichen Komitees hat der Prasident der Akademie der 
Wissenschaften zu Giittingen, Herr Prof. Dr. 0. Glemser, iibernommen. Unter- 
lagen ftir die Teilnahme und zu Diskussionsvortragen, die bis zum 15. Mai 1968 
eingereicht werden mtissen, kiinnen bei Herrn Dr. W. Fritsche, Gesellschaft Deutscher 
Chemiker, 6000 Frankfurt (M), Postfach 9075, angefordert werden. 

x 
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NOTICES 

MICROCHEMICAL WORKSHOP-1968 
The American Microchemical Society will conduct a Microchemical Workshop, August 22-24 

at The Pennsylvania State University. 
The programme will consist of morning lectures on a number of topics that are of current interest 

to the chemist, followed by afternoon sessions devoted to demonstrations of equipment and techniques, 
laboratory work sessions including instruction in the use of thermal microscopy, and discussion 
groups. The afternoon laboratory sessions will be in charge of the lecturers who presented the 
theoretical aspects in the morning sessions. 

Topics will include “The Theory and Application of Ion-Specific Electrodes”, “Determination of 
Purity by Thermal Methods “, “Thermal Microscopy in the Pharmaceutical Industry”, and “Current 
Status and New Ideas in Fluorine Determination”. One day will also be devoted to the general 
topic of “Current Ideas and Practice in the Operation of Microchemical Laboratories”. 

It is expected that the following lecturers will participate: 

PROpEssoR R. Bw, University of Birmingham, England. 
DR. N. B-a, Perk&Elmer Corporation, U.S.A. 
DR. B. BUD&NSK*, Czechoslovak Academy of Sciences, Prague, Czechoslovakia. 
DR. A. DIRSCHERL, Hoffmann-LaRoche, A. G., Basel, Switzerland. 
DR. ALLAN GRAY, Perk&Elmer Corporation, U.S.A. 
MR. D. KETCHUM, Eastman Kodak Company, U.S.A. 
PROFESSOR DR. M. K UHNERT-BRANDSTXT~ER, University of Innsbruck, Austria. 
DR. W. PADOWETZ, CIBA, Basel, Switzerland. 
DR. JAMES Ross, Orion Corporation, U.S.A. 
DR. W. SCH~~NIGER, Sandoz, A. G., Basel, Switzerland. 
P~oFF.~~~R DR. W. SIMON, Eidg. Technische Hochschule, Ziirich, Switzerland. 
DR. H. WAGNER, J. R. Geigy, S. A., Basel, Switzerland. 
Pnorasso~ C. Wrrso~, Queen’s University, Belfast, Northern Ireland. 

The facilities of Penn State will be utilized, including those of the College of Science, in addition 
to housing and food services. The total fee for the three-day session will be 935. In order to insure 
that each participant will receive full benefit of attendance, and in view of the limited laboratory 
space available, it will be necessary to limit attendance. Interested persons are urged to register 
early to insure their participation. 

For further information regarding registration and housing write to: 

Mr. David R. Schuckers 
J. Orvis Keller Conference Center 
The Pennsylvania State University 
University Park, Pennsylvania 16802 

For further information regarding the programme write to: 

Mr. Howard J. Francis, Jr. 
Pennsalt Chemicals Corporation 
900 First Avenue 
King of Prussia, Pennsylvania 19406 

ENGLAND 

INTERNATIONAL SYMPOSIUM ON ANALYTICAL CHEMISTRY, 
BIRMINGHAM, 1969 

21-25 July 1969 
The Midlands Section of the Society for Analytical Chemistry is organizing an International 

Symposium at the University, Birmingham, England, over the period 21-25 July 1969. The programme 
will include invited and contributed papers covering a wide field of analytical chemistry, together 
with social events, a ladies’ programme, etc. Some preliminary notices gave the date of this Sympos- 
ium as 6-10 April 1970, but this has now been changed to that above. 

General information about the Symposium can be obtained from Mr. D. M. Peake, Research 
Department, Imperial Metal Industries Limited, P.O. Box 216, Witton, Birmingham 6, England. 
Information about the scientific programme is obtainable from Dr. W. I. Stephen, Department of 
Chemistry, The University, Birmingham 15, P.O. Box 363, England. 

X 
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PUBLICATIONS RECEIVED 

Aspects of analytical chemistry: R. A. CI-LiLhERS. Oliver and Boyd, Edinburgh, 1968. Pp. vii -t 144 
716. 

The author has performed a task that most pedagogical analytical chemists would declare to 
be most desirable but completely impossible. In a few small pages a reader with some chemical 
knowledge will find what modern analytical chemistry is about. Classical methods and modem 
instrumental methods each occupy about one thud of the book. The emphasis is on explaining 
the chemistry in analytical chemistry in simple, clear and accurate terms. Throughout, the 
importance of accuracy and precision is demonstrated in interesting ways. The general reader 
may find it tough going, but the student working from an analyst’s laboratory guide may discover 
with pleasure what he’s about and those who manage to imply that an analyst is not a chemist and 
that chemistry has no need of analysis should be forced to read it. The publishers have enhanced 
their good reputation by producing a paperback with excellent layout, which has reasonable paper 
and which does not fall apart when opened. 

Separation Techniques in Chemistry and Biochemistry: R. A. KELLER (ed.). Arnold, London, 1967. 
Pp. xvi + 415. U/15/-. 

This is a collection of papers delivered at the Nineteenth Annual Summer Symposium on 
Analytical Chemistry. The content varies widely, some papers being in the form of general 
reviews while others are detailed accounts of aspects of highly specialized techniques. There are 
some valuable contributions to the development of gas and thin-layer chromatography, electro- 
phoresis and auto-radiography. 

Gas Effluent Analysis: WILLIAM LODDING (ed.). Arnold, London, 1967. Pp. xi + 220. U/15/-. 

Gas effluent analysis as defined in this book appears to be the identification and determination 
of gases and vapours evolved during the heating of samples. It is thus very widespread in appli- 
cation and may be considered as an extension to differential thermal analysis and thermogravi- 
metry in which weight and temperature changes are related to chemical decompositions. The 
methods of measurement and identification which are described include gas chromatography, 
mass spectrometry, thermal conductivity measurement and infrared spectrophotometry. The text 
is profusely illustrated with explanatory diagrams. 

L’analyse par Activation: 3. PERDIJON. Masson, Paris, 1967. Pp. 156. 68F. 

This is a brief but highly priced monograph on the subject of neutron activation analysis and 
,gamma-ray spectrometry. Material includes a theoretical introduction, an account of experi- 
mental methods for qualitative and quantitative analysis and an appendix with some useful tables 
of physical constants. 

xi 
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ERRATUM 

N. JORDANOV, ST. MAIWA, G. B~RLWV and B. JORDANOV: Substituted phosphor& acid esters as 
reageuts for the separation of molybdenum from rhenium by solvent extraction, Tulanta, 1968, 
15,221-227. 

Page 226, figure4: A-I(P-HNEPh); O-IV@NMPh)should read 0-I(P-HNEPh); A-IV(P-NMPh) 

xi 



ERRATA 

The authors of “Hugh-speed computers as a supplement to graphlcal methods--V” in the November 
issue (X967) wish to make the foltowmg correcilons to the program. 

p. 1274 

p, 1275 

p. 1276 

p_ 1277 

p. 1278 

p. 1280 

SING: 

p. 1280 

switch TRYCKA-Insert comma after Tryck 9 at end of hne 
procedure Cber-last lure, change “-23” to “-40” 

procedure Lnaber-change “do not if” to “do if not” in line 4 
NYKO-add semtcolon after end m line 7 

change “or” to “and” m line 16 

insert semicolon after end in line 17 of HGPP 

MERTRYCK-delete semicolon after SLUTTRYCK in line 2 
SLLNGOR-ehnnge :* =rvaLRva] to ia: =iva[Rva] in first line 

Between hncs 5 and 6 (l.c. before BEFALL) add three first lines from SING, 
p. 1280, “if not Smgfaif . . . Nut. =0 end;” after that, add; “if Nfall > Nva 
then begin Smgfall =truc; Nut. =Nfall-Nva-1; goto UPPNUT end;” 
“SING”-After removal of three hnes, only one line is left: 

i: =0, Singfall: ‘true; 

INFUT-replace hne 2 wnh for 1. =1 step 1 until Nut do Fall[ifspar[Fut[i]]]: =f&e; 

There are also correcttons to the text and to the examples given in Table III. 

p. 1263 THE PROGRAM, first line, add footnote, attached to “in ALGOL 60”. 
Footnote: “With the exception that the multiplication sign is written * (asterisk) 
Instead of x (thn cross)“, 

p. 1269 The footnote should read “The symbol * written on the line stands for multiply.” 

p. 1282 Line 2 from below, change “50 ml” to “100 ml”. 

p. 1283 The second hne of Input II of example (3~) should read 
2,1,2,2,6,-3,-3,3,-3,5, (print loga, = log IN+], logal, 

p. 1284 (3d) Input (III: I), change ‘*3(M)” to “l(k%)“. 

p. 128G “Zusammcnfassung”, last lmr, change “erscheint” to “erschelnen”. 
“ResumB”, last three Imes, change “laqrlelle” to “lesquelles” and “‘peut” to “peuvent”. 

Xi 



The following text should be added at the end of the paper. 

OfMAE 
The resent program, which consists of one big block, has worked well with the Algol compilers 

D21, CDC3200 and CDC3600. Those who have compilers with a more limited capaaty 
will find it easy to divide the program into Seven blocks, NYKO, NYSA, PLAN, NYP, SLINGOR, 
FALLPROV and NOG, each with its own switches and procedures. To ump from NOG via Sump 
to ADA, one may, for instance, introduce a new Boolean. In the output or some problems, some of 1’ 
the last digits may vary from one machine to another, depending on the tolerance limits giva. 

To deal with the unusual case of Nva - 0 (no equation to solve), one may change, at “Nyai” 
ifia > NathengotoSLINGOR;” to”ifia>NatheubegfalfNva=Otheubeginivar:=Nai1; 
hta[ivar]: ==O; L&as; Cber; goto FALLPROV eud else goto SLINGOR end;“. 



Reprints of the following reviews published in Talanta are 
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I Precipitation of Metal Chelates from Homogeneous 
Solution by F. H. Fiaching 
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by H. Weiss 

3 Adsorption Indicators in Precipitation Titrations 
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13 A Critical Review of Gravimetric Methods for 
Determination of the Noble Metals-II by F. E. Beamish 

14 A Critical Review of Titrimetric Methods for 
Determination of the Noble Metals-II by F. E. Beam& 

15 Present state of Complexometry-II: Determination of 
Bivalent Metals by R. Piibil 

Reprints of Talanta Reviews 
As the volume of scientific literature grows, reviews provide 
one of the best means of keeping abreast with recent develop- 
ments. Talanta has commissioned a series of comprehensive 
and critical reviews of topics of current interest to analytical 

chemists; many of these reviews will also be of value to 
chemists in general and to other scientists. Talanta Reviews 
are intended primarily to introduce the non specialist to a 
subject about which he previously knew little, but they may 
also help the specialist fill gaps in his knowledge of his own 
field or illuminate the subject from a new angle. 
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16 Derivatography: A Complex Method in Thermal Analysis 
by F. Pa&k, J. Paulik and L. Erdey 

17 Potassium Dichromate as an Oxidimetric Reagent 
by G. Gopala Rae 

18 Newer Acylation Methods for the Determination of 
Organic Hydroxyl and Amino Compounds by N. K. Mathur 

rg A Critical Review of Neutron Activation and Tracer 
Methods for the Determination of the Noble Metals 

by F. E. Beamish, K. S. Chung and A. Chow 

20 Process Gas Chromatography by C. S. F. Pine 

21 Present State of Complexometry-III and IV: 
Determination of Univalent Metals and Determination of 
Rare Earths by R. Piibil 

22 A Critical Review of Methods of Isolating and Separating 
the Noble Metals-II: Ion Exchange and Solvent Extraction 

by F. E. Beam&b 

23 A Critical Review of Methods of Isolating and Separating 
the Noble Metals-III: Chromatography, Precipitation and 
Fire Assay by F. E. Beamisb 

24 Complexation Reactions of Dithiocarbamates 
by A. Hulanicki 

25 Polarographic Behaviour of Metal Chelates of 
o,o’-Dihydroxyazo Dyes by G. W. Latimer, Jr. 
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of Complexes with Bivalent Metal Halides by R. H. Nuttall 
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7s or $I each ORDER FORM 
I 

Date. . . . . . . . . . . . . 

Pergamon Press 

Headington Hill Hall 
Oxford, England 

4-r 2Ist Street 
Long Island City 
New York IIIOI, U.S.A. 

(Customers in America and Canada should return this form to the 
New York address) 

Please send . . . . . . copy/copies of the following Tahmta Reviews 

(please list numbers) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
for which I enclose L. . . . . . . . . . . . . , . . . $. . . . . . . . . . . . . . . . . . 

Name . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

Address . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

. . . 
XL11 



Talmta. 1968. Vol. 15, p. xiv. Pergamon Press. Printed in Notthem Ireland 

NOTICE 

TWELFTH CONFERENCE ON ANALYTICAL 
IN NUCLEAR TECHNOLOGY 

Mountain View Hotel and Motor Lodge 
Gatlinburg, Tennessee 

8-10 October 1968 

CHEMISTRY 

The theme of the Conference is “The Role of the Analytical Chemist: (1) in Research on the 
Production and Chemical Properties of the Actinide Elements, and (2) in the Elucidation and 
Solution of Problems in the Field of Environmental Pollution and Related Areas.” Papers, up to 
25 min in length, that describe original, unpublished work on the following topics are solicited by 
the Programme Committee. 

Analytical Chemistry of the Actinide Elements 

1. Ionic methods of analysis. 
2. Radiochemical methods of analysis. 
3. New methods or techniques potentially useful to the analytical chemist-improved nuclear 

measurements, methods of separation, and other useful processes. 
4. Special facilities and equipment that have been developed and tested in actual operations. 

Environmental Pollution and Related Areas 

Participation in the sessions on Environmental Pollution will be on an invited-paper basis. 
However, a limited number of papers are solicited on the following topics. 
1. Identification of environmental hazards in water. 
2. Identification of environmental hazards in the atmosphere. 
3. Criteria and standards for environmental quality and control. 

General information 

Abstracts. Those who wish to make contributions should submit an abstract of 200-500 words 
not later than 1 July 1968. The title, name(s) of the author(s), an estimate of the time required for 
presentation, and the name of the speaker should accompany the abstract. Abstracts and inquiries 
should be directed to the Oak Ridge National Laboratory, P.O. Box X, Oak Ridge, Tennessee 37830, 
U.S.A., Attention: L. J. Brady, Chairman. 

Registration fee. The registration fee, except for full-time students, is $5.00 per person. 
Reservations. Reservations for lodging should be made by direct communication with: The 

Mountain View Hotel and Motor Lodge, Gatlinburg, Tennessee 37738. 

xiv 
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PUBLICATIONS RECEIVED 

Calorimetric methods of analysis, 3rd Ed. Vol. N A: FOSTER DEE SNELL and CORNELU T. SNELL 
Van Nostrand, London, 1967. Pp. ix + 645. 5.7 

This volume deals with the calorimetric methods of analysis of organic compounds of non- 
cyclic and cyclic nitrogen, proposed between 1953 and 1965. The style and presentation is 
essentially the same as that used so successfully by the authors in earlier editions. Those concerned 
with the determination of organic nitrites, nitrates, nitro compounds, amines, proteins, axo 
compounds etc. will find the work of great value. 

Paper Chromatography and Electrophoresis, Vol. 1 Electrophoresis in Stabilizing Media: Academic 
Press, New York, 1967. Pp. xii + 420. f6:12/-. 

This volume is on electrophoresis and a companion volume is to appear dealing with paper 
chromatography, written by G. Zweig. Together they will supplant the 1958 compendium on 
the two fields by Block, Durrum and Zweig. The present volume contains much new material 
although little after 1964. It will prove extremely valuable as a general reference book and is 
well produced. It is a pity that the fairly lengthy index inadequately directs the reader to certain 
of the topics, for example to sections on ion-exchange, ion-focusing and thin-layer electrophoresis 
which lie submerged in chapters devoted to particular classes of compounds. After an introductory 
chapter on methods there are others on Amines, Amino-acids and peptides, Proteins, Nucleic 
acids and related compounds, Carbohydrates, Organic acids and their derivatives, Inorganic 
ions, and on other compounds. 

Particle Siie Analysis, Proceedings of a Conference organized by The Society For Analytical fiemistry 
and held at Loughborougb University of Technology 14-16 September 1966. Society For Analytical 
Chemistry, London, 1967. Pp. 368 + viii. 27.7. 

This collection of papers provides a very useful survey of modem methods in particle size 
analysis. Material is presented dealing with manual and automatic counting, microscopy and 
electron microscopy, sedimentation and gas permeability methods. The techniques are applied 
to a number of industrial problems including those encountered in photography, aerosol sprays, 
pigments and mineral powders and atomic energy. There are some interesting details on methods 
of centrifugal sedimentation. 

Mass Spectrometry of Organic Compounds: HERBERT B~DZKIEWICZ, CARL DJEERASSI and DUDLEY H. 
WILLIAMS, Holden-Day, San Francisco, 1967. Pp. xv + 690. 

In view of the ever increasing involvement of the organic chemist in the technique of mass 
spectrometry, this is a most timely and welcome book. The reader is introduced to the most 
up-to-date methods of structure determination by mass spectrometry and to present views upon 
the interpretation of the cracking patterns of organic compounds. There follows a very com- 
prehensive discussion of the mass spectra of a wide range of organic compounds including those 
of phosphorus. The text has been made as up-to-date as possible and the section dealing with 
organo-metallic compounds contains references only a few months old. The authors are to be 
congratulated upon making such an extensive and valuable collation. 

xiv 
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